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ELECTRICALLY CONDUCTING POLYMERS 
Polymers are generally insulators and they have been increasingly used 
as substitutes for structural materials such as metals, wood and ceramics. They 
can be produced from cheap raw materials in addition to being light in weight, 
low temperature processible, corrosion resistant and demonstrating high 
mechanical strength. However, until the last few decades, polymers have been 
unsuccessful in replacing metals and semiconductors in electrical and 
electronic applications due to their insulating properties. hi 1976, 
MacDiarmid, Shirakawa and Heeger together with their talented groups 
discovered a new class of organic polymers "electrically conducting 
polymers". The ability to dope these polymers over the wide range of 
electrical conductivity from insulator, through semi-conductor, to metal, 
opened a new field of research and perspectives. There has been substantial 
interest in the scientific and engineering communities in understanding these 
materials and finding applications due to their wide spectrum of unique 
properties. 
Organic polymers are normally insulators, so it can be presumed that an 
electronically conducting polymer must have an unusual structure. The 
relationship between the structure of a polymer and the ability to allow the 
movement electrical charges is the key to progress on this sector. Conducting 
polymers, polyenes or polyaromatics contain a series conjugated single and 
double bonds (figure-1). The polyconjugated carbon chains consist of 
alternating single (a-bonds) and double bonds (7c-bonds) as shown in figure-1. 
The 7c-electrons are highly delocalized along the polymer backbone and are 
easily polarizable. This ability of electronic delocalization of conjugated 
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Figure-1. Chemical structures of some conjugated polymers. 
polymers provides them the highway for charge mobility along the polymer 
backbone. Electrical conductivity of some materials is presented in figiire-2. 
DOPING OF ELECTRICALLY CONDUCTING POLYMERS 
The doping process in polyconjugated systems is quite different from 
inorganic semiconductors, hi inorganic semi-conductors, the dopants such as 
phosphorus and boron are substituted for the host atomic sites and electrons or 
holes are generated depending on the valency of the dopant, hi conducting 
polymers, the dopants are not substitutional but interstitial and in this case the 
dopant ions are intercalated in between the polymer chains. The doping 
mechanism is rather similar to the intercalation process in two-dimensional 
layered structures such as graphite. The dopant ions (p-type: BF4', CIO4", I3' 
etc. and n-type: Na^ Li^ , Rb"^  etc.) can either oxidize the polymer to create the 
positive charges on the conjugated polymer backbone (p-type doping) or 
reduce the polymer to create negative charges on the conjugated polymer 
backbone, depending upon the redox process involved. Doping of conducting 
polymers and composites involves random dispersion of dopants in molar 
concentrations in the disordered structure of entangled chain and fibrils. When 
a conjugated polymer is doped, charge-carriers, such as, solitons, polarons, 
bipolarons and free carriers are generated. And the carrier concen-tration, to a 
great extent, depends on the doping level, structure of conducting polymer 
chain, inter-chain interactions, disorders etc. The reaction between oxidant (p-
type doping by an acceptor) and reluctant (n-type doping by a donor) with 
conjugated polymers has been observed to cause a dramatic increase in 
electrical conductivity. A general equation for doping of a conjugated polymer 
may be given by the following chemical reactions-
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Figure-2. Electrical conductivity of various tnateriais. 
(-P-) + 2FeCl3 ^ (-P-) +FeCl4"+ FeCb 1 
(-p-)'^  + 2FeCl3 -> i-p-f^ + FeCL,- + FeCb 2 
The maximum level of doping in conjugated polymers can be as high as 
50%, which corresponds to one dopant per two monomers. The distribution of 
dopant ions is not uniform due to the complex morphology of the polymer 
matrix, which consists both crystalline and amorphous regions; hence both the 
structure and the doping-induced disorders play major roles in the charge 
transport. 
ELECTRICALLY CONDUCTING COMPOSITES 
The simplest conducting polymeric composite consists of a fine metal 
powder dispersed uniformly throughout an insulating plastic matrix. Compo-
sites based on silver powder can be made with electrical conductivity as high 
as 10^  Sm'^  at a loading of 85% by weight, where the insulating matrix serves 
essentially as a glue to hold the metal powder in position without disrupting the 
metal-metal contact. The metal powder composites are unsatisfactory for 
many applications because of poor mechanical strength, high weight to volume 
ratio and high level of electrical conductivity. The art of making a good 
conducting composite is to use the minimum quantity of conductive component 
to achieve the required degree of electrical performance. There are two main 
factor related to it- (i) quality of inter-particle contacts and (ii) shape and size 
of conductive particles. 
Conducting polymers can also be used to prepare a conducting 
composite with an insulating polymer matrix. Where the conducting polymer 
provides the electronic conduction and the non-conducting polymer matrix acts 
as a solid adhesive to keep the conducting polymer particles together and 
render mechanical strength without any contribution to the electrical 
conduction. 
PERCOLATION IN CONDUCTING COMPOSITES 
The word percolation has been used in the study of flow of fluids in a 
porous medium. Basically, the percolation theory studies the formation and 
structure of clusters in a large lattice whose sites or bonds are present with a 
certain probability. The percolation theory is applied in different sectors of our 
society, from oil fields to forest fu-es to social science and science. Thus 
percolation theory is a statistical and geometrical q)proach to explain the shape 
of the electrical conductivity curve in composite materials. Percolation theory 
proceeds from a statistical distribution of the conducting particles, which 
corresponds to a maximum of entropy. It thus denies any interaction between 
matrix and conducting particles. As the concentration of conducting particles 
increases, they become closer to each other and at the critical concentration 
(Oc), they are finally sufficiently close together or even touching each other 
leading to the conduction of charge-carriers as evident from schematic diagram 
given in figure-3. In a carbon black composites, the increase in electrical 
conductivity is not linear; instead a slow increase in electrical conductivity is 
followed by a sudden jump in it at a certain concentration of carbon black in 
the composites, which is then followed by a slow increase. This sequence of 
events is called percolation. The carbon black concentration at which the 
conductivity jumps is known as critical concentration (Oc). 
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Figure-3 (a) Bond percolation model of square lattice, (b) Showing 
the variation in electrical conductivity' in the number of 
connection between two electrode. 
SELECTION OF PROBLEM 
Although there is a wide variety of conjugated polymers synthesized so 
far and many more are expected in future, literature were reviewed only for 
some well studied and characterized conjugated polymers such as poly-
acetylene, polypyrrole and polyaniline. After a very carefiil consideration of 
merits and demerits in the literature surveyed on above-mentioned conjugated 
polymers, polyaniline (PANI) has been selected as the conduc-ting component 
for the preparation of conducting composites. Strong reasons underlying in 
this selection include the ease of preparation, fairly good environmental as well 
as thermal stability and sufficiently high electrical conductivity. The non-
conducting polymers such as poly-ethyleneterephthalate (PET), 
polyacrylonitrile (PAN), cellulose acetate (CA), nylon-6 (N6), nylon-6,6 (N66) 
and aramides (AR), were selected for this study on the basis of their ease of 
availability and processing, mechanical properties and environmental and 
thermal stability. The further survey was conducted on the composites based 
on polyaniline and the above-mentioned non-conducting polymers, 
terepthalate, polyacrylonitrile, cellulose acetate, nylon-6, nylon-6,6 and 
aramide. 
AIMS AND OBJECTIVES 
Recent progress of mankind is directly or indirectly depends on advance 
technology and materials, which can perform better and open new dimensions 
for research and development. In the last two decades, electrically conducting 
polymers have established their place as important constituents of various 
electronic and photonic devices due to their characteristic properties. 
These materials are not also free from disadvantages mainly non-
processibility by solvent or melt techniques, poor mechanical properties after 
doping and environmental instability. These problems have greatly impeded 
their use in various novel applications. 
To meet the demand of materials of improved performance, commercial 
polymers are always mixed together with various additives of monomeric or 
polymeric in nature. It is aimed that the additives will act synergistically with 
the polymer and will meet the combined requirement of a particular 
application. Conducting polymer composites possess the combination of 
traditional and conducting polymer as has observed during literature survey. 
Electrically conducting polymer based composites have been prepared 
by using several insulating polymers as matrix. The conducting polymer 
selected is polyaniline after carefiil scrutiny of the literature survey. The raw 
materials are cheap, polymerization is simple, yield is good, environmental 
stability is high and electrical conductivity can be achieved simply by protonic 
acid doping. The insulating polymers used are polyethylene-terepthalate, 
polyacrylonitrile, cellulose acetate, nylon-6, nylon-6,6 and aramide. 
In view of the above-mentioned facts, the work was carried out in the 
following lines. 
i. preparation of polyaniline, 
ii. laboratory preparation of aramides (AR) and procurement of standard 
samples of polyethyleneterephthalate (PET), polyacrylonitrile (PAN), 
cellulose acetate (CA), nylon-6 (N6) 
and nylon-6,6 (N66). 
iii. preparation of electrically conducting composites based on 
polyaniline (PANI) with polyethyleneterephthalate (PET), 
polyacrylonitrile (PAN), cellulose acetate (CA), nylon-6 (N6), nylon-
6,6 (N66) and aramides (AR) using different techniques, 
iv. study of the doping and undoping behavior of composites, 
V. FTIR spectroscopic studies of composites and their constituents, 
vi. SEM studies of composites and their constituents, 
vii. XRD studies and elemental analysis of aramides synthesized in the 
laboratory, 
viii. studies on DC electrical conductivities of composites, 
ix. TGA and DTA studies of composites and their constituents and 
stability of composites under isothermal as well as cyclic thermal 
conditions in terms of DC electrical conductivity retention. 
FINDINGS OF THE WORK DONE 
The chemical synthesis of polyaniline (PANI) by the standard oxidative 
polymerization as found in literature is successfiilly applied. The aramides are 
very well known for their superior properties. Aramides (AR) are generally 
prepared by the polycondensation reaction between an aromatic diacid or 
diacid chloride and an aromatic diamine. Here, we have synthesized a new 
aramide by slightly different polycondensation reactions between an aromatic 
diacidchloride and aniline containing only one amine group. The yield is 
sufficiently high, ~ 68%, while high melting point (344°C) and FTIR spectrum 
support its good thermal stability and the successftil synthesis. 
ThQ chemically prepared conducting polymers are difficult to process by 
solution or melt technique because they are intractable and degrade well before 
their melting. We prepared conducting composite in the form of films by using 
polyethyleneterephthalate (PET), polyacrylonitrile (PAN) and cellulose acetate 
(CA) as insulating matrices with polyaniline as conducting constituent. The 
non-conducting polymers used in this study have good film forming properties 
along with various other good individual merits. 
The technique employed in the preparation of polyaniline:nylons 
composites is a successful modification of that mentioned in the literature. 
The yield of the composites was fairly good. The composite of polyaniline and 
aramide is prepared by thorough mechanical mixing the two components. 
The electrical properties of the composite materials were observed to be 
of good quality as almost all the composites showed a great increase in their 
electrical conductivity from insulator to upper semiconducting region after 
doping with hydrochloric acid, hi case of the composites of polyaniline and 
aramides, iodine was used as dopant. All the composite materials were 
successfully characterized for their electrical properties and by using FTIR, 
SEMandTGA. 
Thermal as well as stability in terms of retention of DC electrical 
conductivity was also observed to be fairly good as studied by several 
experimental techniques and most of the formulations of the composites so 
prepared are found to be suitable for use in electrical and electronic 
applications below 100°C under ambient atmosphere. 
SUGGESTION FOR FUTURE WORK 
The loss of the useful properties in natural well as applied environment 
is the major problems associated with the conducting polymers, also these 
polymers are neither properly soluble or melt processible. Hence, the major 
research effort so far has been done to improve the processiblity of conducting 
II 
polymers and their proportionate relation with the non-conducting polymers to 
get suitable composites. The dependence of electrochemical potential on 
dopant concentration and temperature may be studied with high compositional 
resolution and under condition close to diffiisional equilibrium. The electrode 
kinetics could also be measured, under conditions where either electron-
transfer or ionic (dopant) diffiision is rate-limiting. After the total 
characterization of these materials, specially, the diffiision ions into and out of 
these composites, they can be evaluated in sensor, ion exchange, secondary 
battery electrode applications. 
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CHAPTER-1 
Chapter-1 
Introduction 
LI. Polymers, polymerization and polymer properties 
1.1.1. Polymers 
Polymers have existed in natural form since the beginning of life and 
have played crucial roles in the processes of life. Early man exploited naturally 
occurring polymers as materials of basic requirements such as clothing, shelter, 
food, tools, weapons, decoration, playing, writing etc. However, the origin of 
modem polymer industry, commonly, is accepted as being in the nineteenth 
century with the discoveries in the field of modification of certain natural 
polymers [1]. 
Jacob Berzelius, a Swedish chemist, used the word 'polymeric' in 1832 
for the first time. He understood that some chemicals could have similar 
molecular formula and, therefore, the same empirical formula, which were 
recognized as 'isomers'. However, chemists also knew that some molecules 
have the same empirical formula but different molecular formula, for example, 
elliylene (C2H2) and benzene (CeHe) both have the same empirical formula, 
CH, but different molecular formula. In the time of Berzelius, the knowledge 
of the structures of molecules was markedly different. He thought that such 
molecules belonged to a special class of isomers and said "to describe this 
equality of composition coupled with a difference of properties, such 
substances be called as polymeric". In the years following this definition, 
chemists began to refer benzene as polymer of ethyne [2]. Molecular basis of 
polymer science is a development of the 20* century although the systematic 
studies in organic chemistry as a science date back to the 18* century. It was 
Hermann Staudinger who developed the concept of macromolecules during the 
1920s that was opposed by leading scientists of that time. However, the data 
eventually confirmed the existence of macromolecules and he was awarded the 
Nobel Prize in chemistry in 1953 for his discoveries in the field of 
macromolecular chemistry [3]. 
The word polymer is derived from two Greek words, 'poly' which 
means many and 'meres' which means parts. So a polymer may be defined as 
long chain molecule produced by repeated joining of small chemical units 
(monomers) by covalent bonds. In some cases, the repetition is linear while in 
others may be branched or cross-linked [4,5,6]. 
1.1.2. Polymerization 
Polymerization is the process of producing polymers by repeated joining 
of monomers with it self or with other similar molecules. To form a polymer, a 
monomer must at least have a fimctionality of two i.e. it must have at least two 
reactive sites by virtue of the presence of multiple bonds, reactive functional 
groups, easily replaceable hydrogen etc. [6]. 
Low molecular heat and/or pressure High molecular 
weight molecules • weight material 1.1 (monomers) and/or catalyst (polymer) 
1.1.2.1. Chain (addition) polymerization 
This polymerization involves joining of monomers by chain reaction. 
The reaction is very fast and high molecular weight polymer is formed in the 
ejarly stage of polymerization. Chain polymerization involves three major 
steps, namely (i) initiation, (ii) propagation and (iii) termination that can be 
brought about by fi"ee radical, ionic or coordination mechanism. Vinyl, allyl, 
olefins and diene monomers undergo polymerization by this process [7,8]. 
1.L2.2. Step (condensation) polymerization 
Step polymerization proceeds through the individual reactions between 
the functional groups of the monomers. The reaction takes place in a step-wise 
manner (i.e. one after another), so the reaction proceeds for a relatively long 
period of time. As the reaction takes place stepwise, the chain length increases 
slowly and high molecular weight polymers are formed only towards the end of 
the reaction. This type of polymerization is used in the synthesis of polyesters, 
polyamides, polyethers, polyurethanes etc. [9,10]. 
1.1.2.3. Copolymerization 
Copolymerization, the simultaneous polymerization of two monomers, 
wa:s not investigated until 1911. The copolymers of olefins and diolefins were 
found to have rubbery properties and were found more useful than 
hornopolymers made fi"om a single monomer. Different combinations of two 
different monomers could be used to obtain the copolymers with unique and 
valuable properties using free radicals, ionic or copolycondensation process as 
evident from figure-1.1 [ 11,12]. 
1.1.3. Polymerization techniques 
It refers to the physical aspects of the polymerization reactions. Factors 
such as the nature of the monomers, the type of polymerization mechanism 
chosen, the required physical form of the polymer and the viability of the 
process for industrial production are the some of those physical conditions 
under which polymerization has to be carried out. 
Different polymerization techniques used in the polymer production may 
include- (i) bulk polymerization, (ii) suspension polymerization, (iii) emulsion 
polymerization, (iv) solution polymerization, (v) melt polycondensation. 
ABABABABABABABABABABABABABABABABABA 
(a) Alternating copolymer. 
ABBAABABABAABBABABABBBABABABBAAABBA 
(b) Random copolymer. 
AAAAAAAAAAABBBBBBBBBBBBAAAAAAABBBBB 
(c) Block copolymer. 
B 
B 
B 
B 
B 
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
B B 
B B 
B B 
B B 
B B 
(d) Graft copolymer. 
Figure-1.1. Possible model structures of some copolymers. 
(vi) solution polycondensation, (vii) interfacial condensation and (viii) solid-
state, gas phase and plasma polymerizations [13,14]. 
1.1.4. Classification of polymers 
Large number of chemical compounds undergoes polymerization in 
different reaction conditions and the resulting polymers find use in variety of 
applications due to their wide range in physical, chemical, mechanical, thermal 
;and electrical properties [15-19]. Figure-1.2 gives a bird eye view of the 
classification of polymers. 
1.1.5. Structure and properties of polymers 
Polymers show a wide range of physical, chemical, mechanical, thermal, 
electrical characteristics due to their chemical and geometrical structures, 
molecular weights, molecular weight distributions, crystallinity and crystalli-
zability etc. In order to achieve a combination of desired properties in a 
polymer i.e. a polymer of specific chemistry and physics, a wide spectrum of 
synthetic methods have already been developed by polymer chemists. 
1.1.5.1. Chemical structure 
Here, the fine structure of a polymer is considered, like the type of 
monomer units making the polymer chains (organic or inorganic), the number 
of monomers used in the formation of polymer (one, two or three) and the 
substituents on the polymer chains etc. As these are the parameters which 
ultimately relate to the three-dimensional aggregated structure of a polymer 
and influence the extent of crystallinity, flexibility and symmetry of a polymer 
[20]. 
1.1.5.2. Geometrical structure 
This feature of polymers depends on the spatial arrangement of the 
monomer units with respect to each other in a polymer chain containing 
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chirality. Polymers having same repeating monomer units may have their 
arrangement in d- and 1- forms in different ways and thus can have different 
structures. On this basis polymers are (i) atactic, (ii) isotactic and (iii) 
syndiotactic. The growth of chains of a polymer may acquire different 
arrangement of chains in 3-dimention and then they can be classified into (i) 
linear, (ii) branched, (iii) cross-linked, (iv) comb-shaped, (v) regular comb-
shaped, (vi) ladder, (vii) semi-ladder, (viii) cruciform, (ix) star-shaped etc. 
While in case of coplymers, the sequence of two different monomers in the 
polymer chains may be (i) random, (ii) alternating, (iii) block (iv) graft etc. 
The effects of the above parameters are reflected in the properties of polymers 
such as modulus, crystallinity, crystaliizability, solubility etc. [21]. 
1.1.5.3. Degree of polymerization (DP) 
The number of repeat units (monomers) present in a molecule of some 
polymer is known as "Degree of Polymerization" (DP). For example, if there 
are 1000 repeat units in a polymer molecule, the degree of polymerization is 
1000. DP has a great impact on the properties of polymers [21,22]. 
1.1.5.4. Molecular weight and molecular weight distribution 
Molecules of a polymer are different from the molecules of a low 
molecular weight chemical compounds that contains the molecules of same 
molecular weight (mono-dispersed). Whereas a polymer contains molecules 
each of which can have a different molecular weight (poly-dispersed). Hence, 
tlie molecular weight of a polymer is expressed as an average value. For 
example, if a polymer sample has an average molecular weight of 40,000, it 
means that molecules in the sample may have the molecular weights ranging 
from 20,000 to 80,000 or 500 to 1,00,000 or some other range but the range is 
ujncertain. The presence of low molecular weight fraction enhances the melt 
flow index whereas the high molecular weight fraction may lead to incomplete 
dissolution of a polymer. The physical properties of a polymer, notably, the 
tensile strength and impact resistance, are intimately related to the molecular 
weight and molecular weight distribution of the polymer. Low molecular 
weight compounds are generally brittle and of lower mechanical strength. The 
mechanical properties of a polymer generally increase witli the iQcrease in 
molecular weight in a non-linear fashion (figure-1.3). An increase in the 
molecular weight of a polymer gives it increased mechanical strength, 
however, some undesirable characteristics arise, like an increase in the melt 
viscosity leading to difficulty in the melt processing, a decrease in solubility in 
its solvent leading to difficulty in solution processing of the polymer (figure-
1.4). If a polymer possesses broad molecular weight distribution, the presence 
of high and low molecular weight fractions will further control the polymer 
properties [23,24]. 
1.1.5.5. Crystallinity and thermal transitions 
Most nineteenth century scientists preferred to consider polymers as 
aggregates of molecules (colloids) rather than as individual giant molecules. 
ITie existence of polymer crystals was also not recognized until 1917 when 
/rnibroiin suggested that cellulose nitrate fibers have crystalline characteristics. 
M 1920, Herzog and Polanyi used X-ray diffraction technique to show the 
presence of crystallinity in flax fibers [25]. It was Nagele who expressed the 
concept of micelle formation in natural fibers in 1958. 
Crystalline state consists of definite crystalline region, called crystallites 
embedded in an amorphous random matrix. As a mater of fact, the polymers 
aire rarely 100% crystalline in structure. Linear polymer chains pack both in 
amorphous and crystalline fashion. Crystallinity of a polymer sample is 
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Figure-1.4. Dependence of melt viscosity on molecular weight. 
defined as the fraction of the sample, which is crystaUine. The high 
crystallinity is generally associated with polymers, which are produced from 
simple monomer units joined in the regular fashion and exhibit a relatively 
high degree of long-range molecular order. Polymers thus can be divided in to 
two classes- (i) those polymers that are amorphous under all conditions and (ii) 
those that are semi-crystalline. Polymers possessing high crystallinity do not 
pass to soft and rubbery state from solid state on heating rather they pass 
directly to the polymer melt state from solid state. The temperature, at which 
this fransition takes place, is called the "Crystalline Melting Point" (Tm). 
On the other hand, poljoners possessing low degree of crystallinity, pass 
from hard glassy state into soft, flexible and rubbery state on heating. The 
temperature at which this change occurs is called glassy state to rubbery state 
transition or "Glass Transition Temperature" (Tg). On further heating, 
cimorphous polymers become highly viscous liquid and start flowing. This 
state is termed as "Visco-Fluid State" and the temperature at which this 
transition occurs is called as "Flow Temperature" (Tf) (figure-1.5). Thus, it is 
clear that there is a great significance of crystallinity because it greatly affects 
the Theological properties of the polymers [26,27]. 
The properties of a polymer like density, modulus, hardness, 
permeability and heat capacit}^ will be largely affected by its crystallinity. For 
example, the value of Young's modulus is low for an amorphous polymer, 
which steeply increases with increase in the crystallinity (figure-1.6). 
Extensive work on condensation polymers and copolymers confirms the 
irQportance of structural regularity on the tendency of crystallization 
(crystallizability). Besides the location, size and shape, the effect of substi-
tutent on polymer properties depends on the interactions experienced by 
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Figure-1.6. Dependence of Young's modulus on crystallinity in a 
sample of vulcanized natural rubber. 
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substituents. The bulky substituents retard crystallization and promote rigidity 
because of increased inter-chain distances. 
Factors that contribute to the inherent crystalline or amorphous structure 
of polymers are chain flexibility, intermolecular forces, structural regularity 
and steric effects. Polymers containing regularly spaced C-C, C-N and C-0 
bonds allow rapid conformational changes that contribute to the flexibility of a 
polymer chain and the tendency towards crystal formation. Chain stiffness may 
also enhance crystallization by permitting only certain well-ordered confor-
mations to occur within the polymer chains. The presence of regularly spaced 
carbonyl (>C=0), amine (-NH2), amide (-CONH-), sulfoxide (-0S0-) and 
hydroxyl (-0H) moieties on polymer backbone promotes crystaUization that 
permits strong intermolecular inter-chain associations [28]. 
Besides the above, various other agencies such as exposure to heat, 
chemicals, UV and other radiations may affect the poljmier properties by 
changing the physical and chemical nature of the polymer. If the effect is 
undesirable, the term "degradation" is commonly used which may involve 
addition, cross-linking, substitution, hydrolysis, chain-scission etc. leading to a 
polymer of poor properties. The capabilit>' of a pol>Tner to withstand chemical 
attack depends on its chemical constitution. For example, polymers 
containing C-C, C-H, C-Cl, C-F, aromatic moieties etc. are more resistant to 
chemical attack than those containing -COO- (eg. polyesters undergo 
hydrolysis), C=C (diene rubbers undergo hardening due to attack of 
atmospheric oxygen leading to cross-linking). 
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1.2. Electrical conduction and conducting materials 
1.2.1. Electrical conduction in polymers 
Polymers are normally used as insulators in electrical and electronic 
devices because their electrical conductivity lies in the range of 10*^ ^ to 
1 Q 1 
10 Scm'. Material show electrical conduction due to the movement of 
electrons, holes or ions on application of voltage as given by the following 
equation-
a = qn n 1.2 
where a is electrical conductivity of the material, n is the number of charge-
carriers, q is the charge on the charge-carriers and [i is drift mobility of the 
charge-carriers [29, 30]. Electrical conductivity of some materials is presented 
in figure-1.7. 
1.2.1.1. Ionic conduction in polymers 
Ionic conduction is evident from the detection of electrolysis products 
formed on discharge of the ions as they arrive at the electrodes. But very low 
level of electrical conductivity in polymers, generally, precludes such 
detection. 
On application of step voltage across a specimen, the initial current may 
be dominated by the displacement current due to the polarization of the 
material. Since, some dipole orientations may be very slow to reach 
equilibrium, the displacement current can swamp a small conduction current 
for a long time. Taking into account the drift characteristics of practical 
measurement system in an extreme case, a steady current reading will never be 
obtained and a direct measurement of electrical conductivity will not be 
possible. On the other hand, a very slow degree of ionic impurities may have a 
significant effect on electrical conductivity. In some instances, evidence 
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favoring ionic conduction is provided by a strong correlation between dielectric 
constant and electrical conductivity, which is explained by the reduction of the 
Coulombic forces between ions in a high dielectric constant medium. Further 
evidence of ionic conduction may be obtained from studies of the dependence 
of current on applied voltage. Although, it is not possible to identify the ions 
experimentally, the ions may have been derived from fragments of polymeri-
zation, catalyst, degradation and dissociation products and absorbed water. A 
common feature in polymers is the change in temperature dependence of 
conduction as the temperature is raised above the glass transition region [29]. 
1.2.1.2. Conjugated polymer chain 
In a conjugated polymer, each carbon atom along the chain has only one 
other atom (generally hydrogen atom) attached to it. The electrons in p^  
orbitals of the carbon atoms overlap with those of carbon atoms on both sides, 
forming a delocalized molecular orbital of 7C- symmetry. This is a conjugated 
system, represented by the alternating single and double bonds along the chain. 
In a very long conjugated system, the discrete set of molecular electronic states 
merge into a half-full valance band, giving metal-like condition within the 
chain. 
In a finite conjugated chain, the electrons in the ground state will be 
paired in the lowest energy set of molecular orbitals. Conduction will require 
the excitation of an electron from the highest occupied orbital to the lowest 
unoccupied one. For example, in a conjugated system where N=100, the 
energy required for excitation of electrons is comparable with average thermal 
energy at room temperature i.e. 0.025 eV. 
In most conjugated polymers, the electrical conductivity is little better 
than that in ordinary polymers. There are two major reasons- (i) the 
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delocalization of electrons is limited by long and short bonds that occur 
alternately in the conjugated polymers. As the 7i-electrons do not delocalize 
over a correspondingly greater length with increase in chain length, the 
activation energy (Eg) for the generation of carriers no longer falls linearly with 
increase in chain length, (ii) the molecules must remain planer for the retention 
of conjugation, while rotation about any bond will disturb the conjugation [29]. 
L2.1.3. Electronic conduction in polymers 
1.2.1.3.1. Band theory 
To understand the behavior of other atoms, we can start with the 
example of the hydrogen atom, which has the simplest electronic arrangement. 
When two hydrogen atoms come closer, their Is-orbitals overlap and two new 
cr electronic orbitals (bonding and antibonding) are formed around the atoms 
tliat are symmetrical with respect to the inter-atomic axis as shovra in figure-
1.8. In bonding orbital, electrons have lower energy and in the anti-bonding 
orbital, electrons have higher energy than in the isolated atomic orbitals. The 
two electrons from two hydrogen atoms may pair in the bonding orbital to give 
a stable molecule with total energy less than the sum of the energies of the two 
isolated hydrogen atoms. 
In solids, where many atoms strongly interact, similar splitting of energy 
levels occurs. The sets of energy levels form two continuous energy bands 
called the valence band and the conduction band analogous to the bonding and 
anti-bonding levels of the diatomic molecules (figure-1.9). The energy gap 
between them represents a forbidden zone for the electrons. The energy 
difference between these two bands (valence band and conduction band) is 
called band gap "Eg". 
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If the band is of reasonable size (> l.5eV), the electrons will not be able 
to gain this much of energy from an electronic field of moderate size to move 
from valence band to conduction band. So, as long as there is a reasonable 
band gap, there will be no conduction and such materials will show the 
characteristics of insulators. If the band gap is of moderate size (< 1.5eV), then 
some electrons can be moved to the conduction band by the application of an 
electric field leaving a hole behind in valence band. These materials will 
behave as semi-conductors. Materials, with a very small band gap, in which 
some electrons can always be exited to conduction band by thermal means, are 
cfilled intrinsic semi-conductors i.e. the material is as showing conduction due 
to its own nature not because of any impurities. The third possibility is that the 
band is partly filled without any energy gap at all. In such materials conduction 
is very easy because electrons need only a small amount of energy, which can 
be gained from an applied field to establish a net drift of elecfrons. These 
materials conduct electricity very well and display electrical conducting nature 
like metals (figure-1.10). 
Conjugated organic polymers display semi-conducting properties as a 
consequence of tlieir low energy of optical fransitions, low ionization potential 
and high electron affinities [31]. This relationship of these electronic 
pijrameters to the polymer structure is illustrated in figure-1.11. 
1.2.1.3.2. Hopping and tunneling conduction 
Both energetic and spatial distributions of electtonic states are affected 
by the presence of disorder in the lattice. If atoms are randomly distributed, the 
density of electronic energy state tails into the forbidden zone and the elecfron 
in these tails are localized. There is an intermediate range of electronic energy 
state in which mobility is very low. Conduction is only possible if electrons 
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are excited to higher energy state with greater mobiUty. Conduction via 
localized electrons implies direct jumps across an energy barrier from one site 
to the next. An electron may either hop over the top of the barrier or tunnel 
through the barrier (Figure-1.12). The relative importance of these two 
mechanisms depends upon the shape of the barrier and availability of tlie 
diennal energy [29]. 
1.2.1.3.3. Photoconduction 
Exposure of a semi conducting material to light or other electromagnetic 
radiations may produce a temporary increase in the population of free charge 
carriers and the resulting exfra flow of current under the influence of applied 
field is called photoconduction. 
The photon of the radiation can interact with the semi conducting 
material in a variety of ways to generate carrier. It is very difficult to observe 
ciny photoconduction even with UV radiations in ordinary polymers, such as 
polyethylene (PE) and polyethyleneterephthalate (PET) where the energy of 
photons is more tlian tlie band gap of tliese polymers. This is a consequence of 
the very short lifetime («10" s) of charge-carriers leading to rapid 
recombination or deep trapping of the charge-carriers. 
One class of organic polymers stands out above all others in its 
photoconductive efficiency. It is based on vinyl derivatives of certain 
polynuclear aromatic compounds, such as, poly(2-vinylcarbazole) [29]. 
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1.2.2. Electrically conducting materials 
1.2.2.1. Electrically conducting polymers 
Polymers are generally insulators and they have been increasingly used 
as substitutes for structural materials such as metals, wood and ceramics. They 
can be produced from cheap raw materials in addition to being light in weight, 
low temperature processible, corrosion resistant and demonstrating high 
mechanical strength. However, until the last few decades, poisoners have been 
unsuccessful in replacing metals and semiconductors in electrical and 
electronic applications due to their insulating properties [32]. In 1976, 
MacDiarmid, Shirakawa and Heeger together with their talented groups 
discovered a new class of organic polymers "electrically conducting 
polymers". The ability to dope these polymers over the wide range of 
electrical conductivity from insulator, through semi-conductor, to metal, 
opened a new field of research and perspectives. There has been substantial 
interest in the scientific and engineering communities in understanding these 
materials and finding applications due to their wide spectrum of unique 
properties [33]. 
Organic polymers are normally insulators, so it can be presumed that an 
electronically conducting polymer must have an unusual structure. The 
relationship between the structure of a polymer and the ability to allow the 
movement electrical charges is the key to progress on this sector. Conducting 
polymers, polyenes or polyaromatics contain a series conjugated single and 
double bonds [34]. The polyconjugated carbon chains consist of alternating 
single (a-bonds) and double bonds (ji-bonds) as shown in figure-1.13. The 
7i:-electrons are highly delocalized along the polymer backbone and are easily 
polarizable. This ability of electronic delocalization of conjugated polymers 
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provides them the highway for charge mobiUty along the polymer backbone 
[33]. 
Electrically conducting polymers are partially crystalline and partially 
amorphous, hence, they consist of both delocalized and localized states. The 
delocalization of 7i-electrons depends on the extent of disorder, interchain 
interactions etc. The disorder induced localization plays dominant role in the 
metal-insulator transition and transport properties of conducting polymers. 
Moreover, the structure of the polyconjugated chain, interchain interactions, 
disorder and doping level determine the stability of charge-carriers, such as, 
solitons, polarons, bipolarons ^ d free carriers in doped conducting polymers. 
Hence, a wide range of behavior from metallic to insulating regimes can be 
observed in the transport properties of doped conducting polymers due to the 
co-existence of both delocalized and localized states as well as the presence of 
several types of charge carriers [35]. 
As a result, the electronic structure of conducting polymers is deter-
mined by the chain symmetry (i.e. the number and kind of atoms within the 
repeat unit), with the result that such polymers can exhibit semi-conducting or 
even metallic properties. Professor Bengt RSnby in his lecture at the Nobel 
Symposium (NS-81) in 1991 designated the electrically conducting polymers 
as the "fourth generation of polymeric materials" [33]. 
The behavior of polyconjugated polymers is rather different with respect 
to conventional polymers. In the case of later materials, the number of units in 
a chain amount up to several thousands or even millions. In many cases, the 
conventional polymers are soluble in solvents, melt processible and highly 
tractable. On the other hand, poly-conjugated systems have, in general, a few 
hundreds of monomer units in an individual polymer molecule. The alternating 
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single and double bond, makes the polymer chains rather stiff with respect to 
non-conjugated polymer chains. As a consequence, poly-conjugated systems 
are not as soluble and tractable unless side groups or dopant ions are intro-
duced in the main chain to impart solubility and processibility [35]. 
There is a great variety of applications for electrical conducting 
polymers in electronic devices, electromagnetic shielding, inter-connection 
technology, renewable energy sources, semiconductor devices, sensors, 
electrochemomechanical devices, thin fihn technology, display devices, 
photovoltaic devices, smart windows, conducting textiles and so on [36-48]. 
The schematic diagrams of some well developed electrical and electronic 
devices based on electrically conducting polymers are shown in figure-1.14 to 
1.17. 
Despite two decades of active research on conducting polymers, we are 
still unable to get some conjugated polymers that possess proper relationship 
among the chemical structure, electronic properties, processibility and 
environmental stability required in a material for electronic application [35], 
1.2.2.2. Doping of conducting polymers 
The doping process in polyconjugated systems is quite different from 
inorganic semiconductors. In inorganic semi-conductors, the dopants such as 
phosphorus and boron are substituted for the host atomic sites and electrons or 
holes are generated depending on the valency of tlie dopant. In conducting 
polymers, the dopants are not substitutional but interstitial and in this case the 
dopant ions are intercalated in between the polymer chains. The doping 
mechanism is rather similar to the intercalation process in two-dimensional 
layered structures such as graphite. The dopant ions (p-type: BF4", C104',!{ 
etc. and n-type: Na^ Li^ , Rb^ etc.) can either oxidize the polymer to create the 
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Figure-1.15. A schematic diagram of single-layer conducting polymer 
based photovoltaic device (Solar cell). (1). Transparent 
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Figure-1.17. A schematic diagram of single-layer conducting polymer 
based conductimetric sensor device- (1) Catalytic layer, 
(2) Conducting polymer layer, (3) Reference electrode, 
(4) working electrode and (5) Electroconductive polymer 
sensor interrogation system (EPSIS). 
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positive charges on the conjugated polymer backbone (p-type doping) or 
reduce the polymer to create negative charges on the conjugated polymer 
backbone, depending upon the redox process involved [49]. Doping of 
conducting polymers and composites involves random dispersion of dopants in 
molar concentrations in the disordered structure of entangled chain and fibrils. 
When a conjugated polymer is doped, charge-carriers, such as, solitons, 
polarons, bipolarons and free carriers are generated. And the carrier concen-
tration, to a great extent, depends on the doping level, structure of conducting 
polymer chain, inter-chain interactions, disorders etc. The reaction between 
oxidant (p-type doping by an acceptor) and reluctant (n-type doping by a 
donor) with conjugated polymers has been observed to cause a dramatic 
increase in electrical conductivity [49-51]. A general equation for doping of a 
conjugated polymer may be given by the following chemical reactions-
(-P-) + 2FeCl3 -> (-p-y^ +FeCl4"+ FeClj 1.3 
(-p-y^+ 2FeCl3 -> (-p-)^ ^ + FeCV + FeClj 1.4 
The maximum level of doping in conjugated polymers can be as high as 
50%, which corresponds to one dopant per two monomers. The distribution of 
dopant ions is not uniform due to the complex morphology of the polymer 
matrix, which consists both crystalline and amorphous regions; hence both the 
structure and the doping-induced disorders play major roles in the charge 
transport [51]. 
1.2.2.2.1. Chemical doping by charge-transfer 
The initial discovery of the ability to dope conjugated polymers involved 
charge transfer redox chemistry, oxidation (p-type doping) or reduction (n-type 
doping). Tliis can be illustrated with the following example [52]-
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p-type doping: 
(7i-polymer)„ +3/2ny(l2) • [(7U-polymer)^ '^(I3 )y]„ ...1.5 
n-type doping: 
(7c-polymer)n + pNla"^ (Naphthalide)"] y ^ [(Na^ (7c-polymer)"^ ]n 
+ Naphthalene ...1.6 
1.2.2.2.2. Electrochemical doping 
Complete doping to the highest possible dopant concentration yields 
reasonably high quality materials. However, attempts to obtain intermediate 
doping levels often result in inhomogeneous doping. Electrochemical doping 
was invented to solve this problem where the electrodes supply the redox 
charges to conducting polymer, while ions diffuse into (or out of polymer in 
case of undoping) the polymer electrode from the nearby electrolyte for 
electroneutrality. The doping level is determined by the voltage between the 
conducting polymer electrode and the counter-electrode at electrochemical 
equilibrium or by the amount of electronic charge passed during the process. 
A particular doping level is precisely achieved by setting the electrochemical 
cell at the corresponding applied voltage and waiting as long as necessary for 
the system to come to an electrochemical equilibrium as indicated by the 
current through the cell going to zero. Electrochemical doping can be 
illustrated by the following example-
p-type doping: 
(7i-polymer)n + [x Li^Frisoiuoon • [(7i-polymer)n^ (BFDx] 
+ xLi'" ....1.7 
n-type doping: 
(7i-polymer)n + [x Li^ BF J^soiution • [(x Li^ (Ti-polymer)^"'] 
+ x B F r .... 1.8 
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This technique is used for doping of polymers obtained by other methods 
as well as for redoping or further doping. In this process, only ionic types of 
dopants are used as electrolyte dissolved in polar solvents [52]. 
1.2.2.2.3. Self doping 
Self-doping does not require any external doping agent. The ionizable 
groups attached in the polymer chain act as dopant for the polymer [59]. 
1.2.2.2.4. Radiation doping 
The semi-conducting polymer chain is locally oxidized and nearby chain is 
reduced by photo-absorption and charge separation i.e. electron-hole pair 
creation and separation into free charge-carriers. 
hv 
(7t-polymer)n, + (7t-polymer)n • (7r-polymer)n,^ '' + (TC-polymerV'' 
....1.9 
where x is tiie number of electron-hole pairs. In case of photo-excitation, the 
photoconductivity is transient and lasts only until the excitations are either 
trapped or decay back to the ground state. In contrast, the induced electrical 
conductivity is permanent in case of chemical or electrochemical doping until 
the charge-carriers are purposely removed by undoping [52]. High-energy 
radiations such as gamma rays, electron beam and neutron radiation are used 
for doping of polymers by neutral dopants. For example, gamma-ray 
irradiation in the presence of SFcgas or neutron radiation in the presence of I2 
has been used to dope polythiophene [51]. 
1.2.2.2.5. Doping by acid-base chemistry 
In this doping process, the number of electrons associated with the 
polymer backbone does not change. The energy levels are rearranged during 
doping. Polyaniline was the first example of the doping of an organic polymer 
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to highly conducting regime by this process. Protonation by acid-base 
chemistry leads to an internal redox reaction and converts the semi-conducting 
emeraldine base into highly conducting emeraldine salt. The chemical structure 
of the emeraldine base form of polyaniline is somewhat similar to an 
alternating block copolymer. Upon protonation of the emeraldine base to the 
emeraldine salt, the proton-induced spin unpairing mechanism leads to a 
structural change with one unpaired spin per repeat unit but with no change in 
the number of electrons. This remarkable conversion of polyaniline from semi-
conductor to conductor has been very well described, but it is not well 
understood from the point of view of basic theory [52,53]. 
H H 
\ r"^ /n 
2nHCl 
H H 
""-Q-rVj 
Figure-l. 18. Doping of polyaniline by HCl. 
1.2.2.3. Mechanism of doping 
Since dopants are strong oxidizing or reducing agents, positive or 
negative charge carriers are produced on the polymer chains on doping with 
such dopants, however, the doping should be taken merely as an oxidation or 
reduction process. It was found that doping results in rearrangement of 
polymer chains and thereby new ordered structures are formed. In the doped 
pol>'mers, charged solitons are formed which are charged defects without spin. 
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A reducing (donor type) dopant, introduces an electron to the polymer chain 
which couples with a neutral defect resulting in a negative soliton with zero 
spin. Similarly, an oxidizing (acceptor type) dopant abstracts an electron from 
the polymer chain and a positive spin-less soliton is formed. This is illustrated 
by the doping of polyphenylene as shown in figure-1.19. The above sequence 
of electronic event occurs in the polymer chain at a very low doping level. But 
as the doping level is increased, formation of polarons takes place. With 
increase in the doping level, more and more polarons interact to form bipolar-
rons, which are dications as evident from figure-1.20. Electrical conductivity 
of polymers, though, primarily depends on extent of doping and the sfrength of 
doping agent, it is also influenced by many other factors such as, method of 
synthesis resulting in different structures, processing of polymers, degree of 
crystallinity, temperature etc [54,55]. 
L2.2.4. Charge-transfer complexes and radical/ion compounds 
There is a special class of organic compounds, which show high 
electrical conductivity. The most notable are tbe charge transfer complexes 
and radical ionic systems. 
Charge-transfer complexes pack closely in their crystalline phase by 
formation of rigid multi-sandwich stacks involving the partial transfer of the 
electrons from donor molecules of low ionization potential to the acceptor 
molecules of high elecfron afFmity. 
D + A ^ D^^ +A^- 1.10 
Complete charge-transfer would imply the formation of radical ions. For 
example, pyrene has an electrical conductivity of 10'^ ^ Sm' and iodine has an 
electrical conductivity of 10" Sm' but reaction between them, gives a complex 
v/ith an elecfrical conductivity of 1.3 Sm"^  Polymeric version of the charge-
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1. An unstable diradical with spin and without charge. 
2. A stable polaron 'p-type' with spin and charge. 
\ / 
.e TVJ 
Electron acceptor 
3 .A stable bipolaron 'p-type' with charge and without spin. 
Electron acceptor 
4. A stable polaron *n-type' with spin and charge. 
0 /JV/ 
Electron donor 
5. A stable bipolaron 'n-type' with charge and without spin. 
e. 
"^vjr\= .0 \ / 
Electron donor 
Figure-1.19. Formation of polarons and bipolarons in polyparapbenylene on 
reaction with oxidizing and reducing agents. 
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Figure-1.20. Schematic representation of formation of polarons and 
bipolarons with increasing dopant concentration (x) and 
its impact on electrical conductivity and spin 
concentration of the conducting polymer. 
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transfer system with donor species attached to the backbone, have also been 
synthesized. The electrical conductivity of polymeric systems is generally 
lower then that of the corresponding monomeric complexes. Polymeric 
charge-transfer complexes are brittle and, therefore, they can only be used 
where mechanical properties are not so important. Development of highly 
conductive materials based on radical ion system includes the discovery of 
7,7,8,8-tetracyanoquinodimathane (TCNQ) by Du Pont workers [56]. This 
molecule is a very strong electron acceptor, forming first the radical anion and, 
then the dianion. The polymeric version of this complex has much less 
electrical conductivity. 
There are also a few radical cation systems, which exhibit similar 
conduction phenomena. Particularly, stable radical cations are based on a 
category of heterocyclic compounds called violenes, which contain even 
polyene stnictures. Polymers based on certain violenes doped with a radical-
cation salt, are lightly colored and are very stable [57]. 
1.2.2.5. Organic molecular solids and polymers 
In these materials, the groups of atoms are chemically bonded together 
in discrete molecules, which in turn are held together by relatively weak Van 
der Waals forces. Thus, there is a difference between intra- and intermolecular 
electronic motion in materials containing a long polymeric molecules. The 
inter-molecular conduction is much less important because few intermolecular 
transfers are required for conduction. Hence, the possibility of intra-molecular 
transport may be investigated. If each polymer molecule is regarded a 
miniature lattice, the following parameters seem to be worth considering- (i) a 
definitely spaced series of atoms with rigidly fixed distances between nearest 
neighbors, (ii) small separation of atoms giving good overlap of atomic 
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orbitals, (iii) a full valence shell analogous to a full valance band and (iv) a 
very large excitation energy to the lowest excited electronic state, due to strong 
chemical bonding i.e. due to a wide band gap. 
Me Cubbin and Gumey [58] studied long polyethylene molecule and 
predicted a very wide band gap of > 5 eV. They estimated carrier mobility to 
o O i l 
be about, 5x10' m v" s' for holes, which is comparable to that in metals. 
Because of very wide band gap, the process of conduction requires very high 
energ}' for electrons to overcome band gap. Therefore, it may be anticipated 
that in fully saturated long polymeric molecules, there would be no significant 
electrical conductivity under normal circumstances [59]. 
1.3. Composites: materials and properties 
1.3.1. Composite materials 
Mankind has been aware of composite materials since several hundred 
years before Christ and has applied irmovations to improve the quality of life. 
It is not clear as to how Man understood the fact that mud bricks made sturdier 
houses if lined with straw, he used them to make building that lasted. Ancient 
Pharaohs made their slaves use bricks with straw to enhance the structural 
integrity of their buildings, some of which testify to the wisdom of the dead 
civilization even today. Although, composites were known to mankind since 
prehistoric times, the concept and technology have undergone a sea change 
with better understanding of the basics like the bonding mechanism between 
tlhe matrix and dispersoids, dispersoid size and distribution, morphological 
features etc. [60]. 
The term "composite materials" may, perhaps, be simple defined on the 
basis of the classic definition of a composite material as given in Longman's 
dictionary "something combining the typical or essential characteristics of 
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individuals making up a group". This short statement grasps the very essence 
of this new material, which has recently emerged as a leading contender for 
numerous apphcations in the automotive, aerospace electronic and wears 
mdustry [60]. 
One simple scheme for the classification of composite materials [60,61] 
is shown in figure-1.21. hi most cases composites consists of a bulk material 
(the matrix) and a reinforcement of some kind. So in another way, today's 
most man-made composites can be divided in to four main groups depending 
on the matrix material as [60]- (i) polymer matrix composites (PMC), 
(ii) metal matrix composites (MMC), (iii) ceramic matrix composites (CMC) 
and (iv) carbon and graphic matrix composites. 
1.3.2. Polymer matrix composites 
The word composite is used in the technical sense to describe a product 
titiat arises from the incorporation of some basic structural material in the form 
of particles, whiskers, fibers or a mesh into a second substance, the matrix, 
llie main characteristics sought in an additive that in turn gets conferred on the 
composite, are elastic rigidity, tensile and fatigue strength, hardness and 
appropriate electrical and magnetic properties. Thus, a polymer matrix 
composite may be defined as combination of one or more other materials with 
a polymer matrix to produce a material with a combinations of desirable 
properties fi*om individual components [60]. Chemically, the matrices may be 
classified into two main categories- (i) thermosettings and (ii) thermoplastics. 
Polymers make ideal matrix materials as they can be processed easily, possess 
lightweight and offer desirable mechanical properties. The matrix which 
provides the continuous phase to the composite, is expected to serve the 
following functions- (i) it provides a uniform distribution of the structural and 
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environmental load to the reinforcing material through a good adhesion to and 
a strong interface with the reinforcement, (ii) it protects the surface of the 
composite against abrasion, wear-tear and corrosion; all of these factors initiate 
fracture, (iii) it absorbs the impact of load and minimizes stress concentrations 
by enhancing tlie fracture toughness and (iv) it resists high temperature and 
withstands repeated cycling of operations, especially under hygroscopic 
conditions and thus prevents or delays the onset of micro cracking in the 
composite. 
To meet the demand of materials of improved performance, commercial 
polymers are always mixed together with various additives of monomeric or 
polymeric in nature. It is aimed that the additives will act synergistically with 
the polymer and will meet the combined requirements of a particular 
application. 
1.3.3. Conducting polymeric composites 
The simplest conducting polymeric composite consists of a fine metal 
powder dispersed uniformly throughout an insulating plastic matrix. Compo-
sites based on silver powder can be made with electrical conductivity as high 
as lO*" Sm"' at a loading of 85% by weight, where the insulating matrix serves 
essentially as a glue to hold the metal powder in position without disrupting the 
metal-metal contact. The metal powder composites are unsatisfactory for 
many applications because of poor mechanical strength, high weight to volume 
ratio and high level of electrical conductivity. The art of making a good 
conducting composite is to use the minimum quantity of conductive component 
to achieve the required degree of electrical performance. There are two main 
factor related to it- (i) quality of inter-particle contacts and (ii) shape and size 
of conductive particles [62,63]. 
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Conducting poI)aners can also be used to prepare a conducting 
composite with an insulating polymer matrix. Where the conducting polymer 
provides the electronic conduction and the non-conducting polymer matrix acts 
as a solid adhesive to keep the conducting polymer particles together and 
render mechanical strength without any contribution to the electrical 
conduction. 
1.3.4. Percolation in conducting composites 
The word percolation has been used in the study of flow of fluids in a 
porous medium. Basically, the percolation theory studies the formation and 
structure of clusters in a large lattice whose sites or bonds are present with a 
certain probability. The percolation theory is applied in different sectors of our 
society, from oil fields to forest fires to social science and science. Thus 
percolation theory is a statistical and geometrical approach to explain the shape 
of the electrical conductivity curve in composite materials. Percolation theory 
proceeds from a statistical distribution of the conducting particles, which 
(X)rresponds to a maximum of entropy. It thus denies any interaction between 
matrix and conducting particles. As the concentration of conducting particles 
increases, they become closer to each other and at the critical concentration 
(Oc), they are finally sufficiently close together or even touching each other 
leading to the conduction of charge-carriers as evident from schematic diagram 
given in figure-1.22. In a carbon black composites, the increase in electrical 
conductivity is not linear; instead a slow increase in electrical conductivity is 
followed by a sudden jump in it at a certain concentration of carbon black in 
title composites, which is then followed by a slow increase. This sequence of 
events is called percolation. The carbon black concentration at which the 
conductivity jumps is known as critical concentration (Oc) [64]. 
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Fraction of uncut bonds 
(b) 
Fiigure-1.22. (a) Bond percolation model of square lattice, (b) Showing 
the variation in electrical conductivity in the number of 
connection between two electrode. 
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1.4. Degradation and stabilization 
1.4.1. Degradation of conducting polymers and composites 
Polymer undergoes chemical reactions just like any typical low 
molecular weight organic compound, leading to the deterioration of useful 
polymer properties. The degradation of polymer is characterized by 
imcontroUed change in molecular weight or constituent of polymer. The 
process of deterioration of the useful polymer properties involving chemical 
reactions is called as "degradation". There are many external causes of 
degradation of polymeric materials such as heat, light, mechanical stress, 
oxygen, ozone, moisture, atmospheric pollutants etc. along with the factors 
effective at the time of processing. Also the presence of reactive sites in the 
polymer (e.g. superoxides, defects, chemically reactive groups etc.) may 
degrade the polymer properties with or without combination of external 
factors. 
The pristine conjugated polymers have been reported to contain 
electronic spins leading to the inter- and intra- chain reactions between these 
reactive sites which can alter the chemical structure even when they are pure, 
affecting their dopability and, hence, the electroactivity. There are two main 
factors, which affect the intrinsic degradation of conjugated polymers viz. 
reactivity of polymer backbone and the reactivity of dopant. The oxidative 
degradation of most polymers proceeds via the chemical reaction of peroxy 
radicals. 
Sunlight consists of IR and visible radiations, apart from high-energy 
UV radiations (200-380 run) of the electromagnetic spectrum. The conjugated 
bonds, present in conducting polymers, undergo n-7u*, TZ-K* and o-a* 
transitions very easily, leading to formation of free radicals on exposure to 
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sunlight. The UV radiations contain enough energy to cause C-C, C-N and 
C-0 homolytic bond fission. Thus produced free radicals can react with 
atmospheric oxygen leading to oxidation accompanied by depletion of chain 
length of the polymer. 
Of late, conductive polymers are being used as electrode materials in 
electrical storage devices i.e. in non-rechargeable (primary) and rechargeable 
(secondary) batteries. Besides their high electrical conductivity, they also have 
high selectivity to electrode reactions, low catalytic activity towards side 
reactions, sufficient mechanical strength, fabricability, low cost etc. The 
electrode materials must also possess high stability towards degradation 
reactions during the passage of current or the storage. The degradation of 
electrode materials leads to instability in electrode potential with time that 
takes place due to difftisional processes occurring at the electrode and other 
side reactions such as cross-linking, chemical reactions of dopant ions with 
polymer etc. For a commercial battery, a good shelf life (capability to retain its 
charged state) as well as ability to repeated charging and discharging many 
hundred times is a prequalification. It has been observed that electro-active 
polymers are distinct from traditional inorganic electrode materials as 
electrically conducting polymers neither deteriorate nor re-deposit during 
charging and discharging processes and, hence, they may be expected to give 
long life storage systems. The durability studies of polymeric electrodes may 
be done galvanostatically or potentiostatically to evaluate their life in battery 
application [65,66]. 
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1.4.2. Stability and stabilization of conducting polymers and 
composites 
The long conjugated backbone of conductive polymers could sustain 
defects such as free radicals. Such states can readily be oxidized. The ability 
of a polymer to retain its useful properties is defined, as the stability and the 
preventive measures undertaken to inhibit the degradation processes, are 
collectively known as "polymer stabilization". There are a variety of methods 
of stabilizing such systems some of them are as follows- (i) by incorporating 
juitioxidants such as benzoquinone and hindered phenols or by using radical 
traps such as azo-bis-isobutyronitrile in the systems, (ii) by ion implantation or 
by predoping the material with a strong electron acceptor prior to oxygen 
exposure, (iii) by encasing the polymer in a system with reduced oxygen and 
moisture permeability, (iv) by synthesizing new polymers with less 
susceptibility to intrinsic degradation to oxygen and to moisture, even at 
elevated temperature and (v) by forming composites of conducting polymers 
with environmentally stable polymers etc. [67-69]. A schematic diagram 
showing the important factors in the study of stability and stabilization of fliese 
polymeric materials is presented in figure-1.23 [69]. 
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The electrically conducting polymer based composites have been 
extensively studied in the recent years because of their importance in applied as 
well as basic sciences. The good mechanical properties, tailorable electrical 
properties and high strength to weight ratio have strengthened their status as 
replacement materials in wide variety of applications. Thus, this review will 
include synthesis and characterization of some well known conducting poly-
mers and the composites of the polymer selected for the study. 
2.1. Electrically conducting polymers 
2.1.1. Polyacetylene (PA) 
The term "polyacetylene" was first mentioned in the "Handbuch fiir 
Acetylen" in 1904 [1]. Chauser et al. [2] mentioned various methods of 
pol>Tnerization of acetylene in their review article "polymerization of poly-
acetylen". Polyacetylene (PA) exists in various geometrical isomeric forms 
such as cis-trasoid (cis-PA), trans-cisoid, trans-transoid (trans-PA). One would 
expect the one-dimensional n electron system with an infinitely long conju-
gated chain in case of PA to form a half-filled valence band leading to the 
material of metallic properties [3,4]. 
Although polyacetylene was first synthesized as early as in 1958 by 
Natta et al. [5] but it remained a material of less interest due to its poor 
environmental stability [6-13]. Details of different synthesis procedures along 
with the properties of the products have been reported in the handbook of 
poh^er synthesis [14,15]. Shirakawa et al. [16] reported that the electrical 
conductivity of semi-conducting PA films increases by many order of 
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magnitude on exposure to vapors of halogen. Both the electron acceptors and 
donors react with PA, resulting in highly conductive derivatives [17]. Krohnke 
and Wegener [18] have summarized the physical properties of PA in their 
article. The polyacetylene can be synthesized in the form of powder, gel or film 
depending upon the syntliesis technique selected [19]. All types of poly-
acetylenes have been found to be insoluble except some substituted ones and 
their electrical conductivity could be raised to several orders of magnitude 
through the charge-transfer reactions generally called "doping". They are now 
finding applications in a wide variety of applications such as semiconductor 
devices, electrodes for polymer batteries, sensors etc. [20-26]. 
The stability and degradation of PA have been reviewed by Chien [27] 
and Pochan [28] in great detail. Ito et al. [29] reported that PA is stable up to 
300°C in an inert atmosphere. Berets and Smiths [30] reported the doping of 
pristine PA by oxygen leading to increased electrical conductivity initially but 
the electrical conductivity decreased on prolonged exposure due to the degra-
dation reactions of the polymer backbone with ox>'gen. This fact was further 
supported by the work of Shirakawa and Ikeda [31 ] as they observed the 
appearance of carbonyl bands in the infi"ared spectrum of the PA films exposed 
to air. Billingham et al. [32] published a detailed study on Durham PA which 
reacts rapidly with atmospheric ox^ g^en in the first 5 min at 80*^ 0 and a large 
amounts of oxygen were absorbed by a l\i thick fihn of PA on exposure to 
oxygen at 50°C. Yang and Chine [33] performed studies on the stabilization of 
Shirakawa PA and found that most of the anti-oxidants were ineffective in 
stabilizing including N-t-butyl-2-phenyhiitrone, a highly effective spin trapping 
additive for polyolifms similar to the results reported by Billingham et al. [32] 
on Durham PA. 
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2.1.2. Polypyrrole (PPY) 
Pyrrole, discovered by W. Runge in 1833 [33] is a very weak base and it 
loses its 7u-electron sextet on protonation, and thus its aromaticity. The poly-
pyrrole (PPY) was first prepapred in 1888 [34] by chemical method and by 
electropolymerization in 1957 [35]. After a fairly long gap, Diaz [36,37] 
published his results on "electrochemical synthesis of polypyrrole" and was 
found to be electrically conductive. The article "From Powder to Plastic" [38] 
reviewed several developments that occurred in 1979. Polypyrrole (PPY) in 
the form of polyanion could be produced as powder, coating or film and is 
intrinsically conductive as reviewed in great detail [39] 
Pfluger et al. [40] showed that large amount of oxygen was absorbed by 
undoped PPY irreversibly and an increase its electrical conductivity. Further 
absorption led to no change in electrical conductivity. XPS studies showed 
chemical reaction at the nitrogen atoms but the changes in XPS spectra on 
oxidation could be reversed electrochemically. It was suggested that oxidation 
occurs at about one in every three nitrogen atoms, producing an unidentified 
coimter-ion, which is also supported by the work of Salanek et al. [41]. 
Samuelson and Druy [42] reported that the counter-ion plays an 
important role in the decay of electrical conductivity of PPY under ambient 
environment. Erlandsson et al. [43] reported the most detailed study of the 
stability of electrochemically prepared PPY containing BF4~. They used X-ray 
photoelectron spectroscopy to study the reaction of PPY, on exposure to 
various atmospheric conditions at room temperature. Diaz and Kanazawa [44] 
reported the stability of PPY at 100°C-200°C depending on the counter-ion. 
Kanazawa et al. [45] also found that electrochemically prepared blue-black 
shiny conducting PPY with BF4~ counter-ion was found to be inert below 
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2.50°C and could be heated upto 250^C. Salmon et al. [46] studied the thermal 
stability of electrically conductive polypyrrole doped with different counter-
ion. It was observed that the materials with high conductivities decomposed 
irreversibly at around 15 0°C,whereas less conductive materials were found to 
be more stable towards heating. 
Electrochemically prepared polypyrrole containing BF4~ counter-ion 
showed electrical conductivity of 30-40 S cm"^  which decreased slowly on 
exposure to ammonia and effect was reversed on evacuation. Neither the 
foimation of C-N bands nor NH4BF4 was confirmed by FTIR and XRD 
studies, suggesting the charge removal occurs via acid-base chemistry and the 
N-H proton [47]. A similar observation of the reversible effect of ammonia on 
electrical conductivity was reported by Kanazawa et al. [48]. 
2.1.3. Polyaniline (PANI) 
-^g^N--
H 
Aniline was variously discovered and designated by Unverdorben as 
Kriistallin, by Runge as Kyanol, by Frische as Aniline (from Spanish anil, 
indigo) and by Zinin as Benzidam. In 1843, A.W. Hofman established the 
identity of these four products. Perkin developed the method devised by 
Bechamp in 1854 for recovering aniline by reducing nitrobenzene with iron 
filing in tlie presence of dilute acids into an industrial process in 1857. The dye 
industry was thus bom. One way of making dyes from aniline is afforded by 
oxidation. As early as 1860, an industrial process for manufacturing oxidation 
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dyes was presented by Calvert, Clift and Lowe. In 1865, the anodic oxidation 
of aniline was discovered by Letheby and in 1891, the practical use of 
polyaniline was described by Goppelsroede. Willstatter and Green mainly 
elucidated the chemical constitution of these dyes around the turn of the 
century [49]. 
The synthesis of polyaniline is remarkably simple. The aniline is 
chemically or electrochemically oxidized under acidic condition, whereby a 
quinone diimine forms by the oxidation and subsequent dehydrogenation of 
two molecules of aniline. Multiple repetition of this process with simultaneous 
dehydrogenation affords emeraldine and the nigraniline, which is along-chain 
molecule consisting of eight benzene rings and paraquinoid groups that are 
linked in the para position by nitrogen atoms. This converts to pemigraniline 
and fmally aniline black [49]. 
The electrochemistry of polyaniline was first researched at the end of the 
Last century. In middle of the 1960s, it enjoyed a renaissance and is currently 
experiencing a massive upswing in its fortunes in regard to the development of 
electrically conducting polymers [49]. The main reasons for the growth in 
interest during the 1980s was the low cost, relatively easy production process, 
stability of the conducting forms and simple non-redox doping by protonic acid 
[50]. 
In 1910 Green and Woodhead [51] describe a number of well-defmed 
oxidation states for polyaniline as shown in figure-2.1. The different states 
range from fully reduced leucoemeraldine via protoemeraldine, emeraldine and 
nigraniline to fiilly oxidized pemigraniline. Unlike most other polyconjugated 
systems, tlie fully oxidized state of polyaniline is not conducting [50]. 
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Figure-2.1. Different oxidation states of polyaniline. 
Polyaniline becomes conducting when the moderately oxidized states, in 
paiticular the emerldine base, are protonated and charge carriers generated. It 
holds a special position amongst conducting polymers in that its most highly 
conducting doped formed can be obtained by two completely different process-
(a) protonic acid doping and (b) oxidative doping. It is this process of "protonic 
acid doping" that makes polyaniline so unique: no electrons have to be added 
or removed from the insulating material to make it conducting. In protonic acid 
doping of emeraldine base unit with for example IM aqueous HCl results in 
complete protonation of the imine nitrogen atoms to give the fiill protonated 
emeraldine hydrochloride salt (a schematic doping and undoping process is 
presented in figure-2.2). The same-doped polymer can be obtained by chemical 
oxiclation (p-type doping) of leucoemeraldine base. This actually involves the 
oxidation of the a- and TI- system rather than just the 7i-system of the polymer 
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as is usually the case in p-type doping. The reaction with a solution of chlorine 
in carbon tetrachloride proceeds to give emeraldine hydrochloride [50,52]. 
Emeraldinc Base 
N H 4 0 H 
(undopiog) HX (doping) 
\ /^"••-^^^!!=\_/=!7-\ / 
Emeraldine Salt 
Figure-2.2. Doping and undoping of polyaniline (HX = protonic acid). 
Polyaniline is considered to be an intractable non-processible intrin-
sically conducting polymer. The non-processibility of polyaniline results from 
the delocalization of the electron density along the polymer chain resulting in a 
stiff backbone that, from a processing point of view is undesirable. It decom-
poses prior to softening and therefore is not considered thermoplastic. The Tg 
of polyaniline is recently reported to be ~256°C, a T^ is not observed for this 
polymer. Other investigators have reported different values for the Tg for poly-
aniline. This difference is because of the difference in the preparation and 
processing of polyaniline. It general the higher the oxidation state of 
polyaniline the higher the Tg [53]. 
Chemical synthesis of polyaniline (PANI) has widely been studied, 
including the effect of oxidizing agents, synthesis temperature, type and 
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concentration of acid used in polymerization [54]. A relatively standard 
method of synthesis for a consistently pure, high molecular weight polymer 
following the work by MacDiarmid et al [55] involves the chemical oxidation 
of aniline in an acidic medium. 
The electrically conductive properties of polyaniline in its emeraldine 
oxidation states stem from tlie acid doping capability of inline nitrogens on the 
polymer backbone [56]. Dopants could be added in any desired quantity until 
all imine nitrogens (half of the total nitrogens) are protonated, simply by 
controlling the pH of the acid solution [57]. The electrical conductivity of 
polyaniline increases with doping from the undoped insulating base form 
(<10"''' S cm') to the frilly doped conducting acidic form (>10 S cm"'). Doping 
as well as undoping processes could be typically carried out chemically by 
using common acids and bases such as HCl and NH4OH respectively [58-62]. 
The quality of conductive polyaniline fihns has greatly been improved 
because of the progress in solution processing leading to the reduction of 
disorder [63,64]. Menon et al [65-68] have differentiated in the transport 
properties between polyaniline doped with camphorsulphonic acid from 
solution in m-cresol and polyaniline doped with conventional protonic acids 
[69-73]. The freestanding films of polyaniline (emeraldine base) doped with 
d,l-camphorsulphocmc acid were prepared using emeraldine base synthesized 
to provide polymers of different molecular weight [74]. Polyaniline of mole-
cular weight < -100,000 was prepared by a well-known route [74, 75-78]. 
Tsai et al. [79] prepared PANI by oxidation polymerization of aniline in 
HCl solution containing amonnium persulphate [80] and sulphonated poly-
anilne was prepared by the method of Yue and Epistein [81]. Both the poly-
mers were found to be highly thermally stable and did not show any thermal 
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degradation up to 650°C in case of emeraldine base and up to 450°C in 
sulphonated polymer. 
Palaninappan and Narayana [82] studied the thermal stabiUties of 
chemically prepared PANl in different acid medium by isothermal heat 
treatment at ISO '^C, lOO^C, 275''C and 375°C in combination with EPR, 
electronic absorption and IR measurements they also observed a three-step 
degradation, loss of water followed by loss of acid and oxidative degradation 
of polymer. 
Kim et al [83] prepared self-doped polyaniline by alkyl sulphonate 
substitution in tiie polymer backbone and observed that the degradation of 
polyaniline occurs via an imine intermediate [84,85]. Besides self-doping for a 
faicile redox process, the perceived advantage of this bulky substituent includes 
the protection of nitrogen centers from nucleophiles, responsible for the 
ineversible degradation of polyaniline. The excellent redox cyclability of 
poly(aniline N-butylsulphonate) over unsubstituted polyaniline was also 
confirmed by chronoabsorbtometry. Troare et al [86] performed thermo-
gravimetric analysis of emeraldine hydrochlorides under high vacuum in 
conjugation with thermal volatilization analysis. The initial weight loss was 
attributed to the removal of the HCl, leading the polymer to emeraldine base, 
which was observed at 230°C. The emeraldine base underwent thermo-
oxidative degradation in the temperature range 520T-740°C with the evolution 
of degradation products such as ammonia, aniliae, p-phenylenediamine, N-
phenylaniline and N-phenyl-l-4-benzenediamine was found, while further 
heeiting produced the carbazole group. 
62 
2.2. Non-conducting polymers 
2.2.1. Po[yethyleneterephthaIate (PET) 
"^ 
•OOC-^fOV- COO(CH2)2 
n 
Polyesters may define as heterochain macromolecules containing 
repeating ester group (—COO—) in the backbone. Natural polyester were first 
observed over 160 years ago and first applied in the form of synthetic glyceryl 
phthalate used as impregnating materials and coating during World War-I. The 
chemistry of polyesters developed much later as a result of extended studies by 
Kienle and Carothers in which the fundamental theory of poly condensation 
process was established. They are prepared by polycondensation reaction 
between s dicarboxylic acid and a diol [87]. 
The fiber and film forming ability of poly(ethyleneterephthalate) was 
revealed by Whinfield and Dickson and today this pol>'mer is one of the most 
important industrial thermoplastic polyester [87]. The starting materials for 
PET are ethylene glycol and terephthalic acid. Commercially dimethyltereph-
thalate is taken in place of terephthalic acid. 
PET melts at around 265°C and is resistance to heat and moisture. This 
polymer is virtually attacked by many chemicals. It is extensively used to make 
textile fibers. It retains good mechanical properties up to 175°C. Tensile 
strength of PET film is about 25000 psi, two to three times that of cellophane 
or cellulose acetate film. Because of its toughness it is applied to many t>^ical 
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application such as magnetic recording tapes. The major new application of 
PET for the last few years has been in the development of blow bottles [88-90]. 
2.2.2. Polyacrylonitrile (PAN) 
r ^ 
— CH2 —CH(CN) — 
L Jn 
Acrylonitrile, CH2=CHCN was first synthesized in 1893 by Mouren 
[91], who was also the first (one year later) to report on an aaylonitrile 
polymer i.e. polyacrylonitrile (PAN). The first synthesis of acrylonitrile was 
based on the dehydration of ethylene cyanohydrin (1-cyanoethanol) or 
acrylamide. Early industrial process for acrylonitrile production also used 
ethylene cyanohydrin as starting material, but since 1960 practically the entire 
a(aylonitrile production has been based on catalytic ammonoxidation of 
propylene [92]. 
Polymerization usually carried out in aqueous solution in the presence of 
redox initiators. The polymer precipitates from the system as fine powder. 
PAN softens only slightly below its decomposition temperature. PAN is 
soluble in DMF, THF, DMSO, acetone etc. It has heat resistance up to 220^C 
and exhibit good mechanical properties. It is available as films, sheets and 
rods [93-95]. 
2.2.3. Celluloseacetate (CA) 
Cellulose is the main constituent of the cell walls of plants. Usually two 
sources of cellulose are utilized for the preparation of the cellulosic plastics; 
they are cotton and wood pulp. Cellulose is a naturally occurring, linear, 
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stereo-regular polysaccharide made up of p-D (+)-glucose units, joined by 1, 4-
glucoside linkages. High intermolecular forces and regular structure of the 
polymer result in its having an unusually high degree of crystallinity. It has 
very high melting point and in fact it decompose before beginning to melt [96-
98]. 
Cellulose acetate is prepared by reacting natural cellulose (like cotton, 
wood) with acetic anhydride or glacial acetic acid in the presence of a catalyst 
(such as sulfuric acid or perchloric acid). The resultant cellulose acetate eater 
is partially hydrolysed so that about 2 to 2.5 acetate group per CeHioOs unit 
remains and the product become soluble in organic solvent like acetone. The 
triacetate of cellulose is less soluble in common non-toxic solvents. Hence the 
more soluble secondary acetates are commonly used. 
H2SO4 
--[C6H702(OH)3V-+ 3nCH3COOH • 4C6H702(OCOCH3)3is--
(Cellulose) (Cellulose triacetate) 
+ 3nH20 2.1 
Hydrolysis 
-{C6H702(OCOCH3)3}Tr + nH20 • -fC6H702(OH)(OCOCH3)2]Tr 
(Cellulose triacetate) (Cellulose diacetate) 
+ nCH3C00H 2.2 
Cellulose acetate is colorless, odorless, tasteless, tough and durable 
plaiJtic with a density ranging from 1.2-1.4 g/cc. It has good impact strength 
and can be easily machined and moulded. It bums very slowly and resistance 
to most household chemicals, oils, gasoline and cleaning fluids. It is prone to 
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attacks by acids and alkalis and acetone. It has good electrical insulating 
properties and low shrinkage. It is used in the form of film, sheets rod, tubes 
and sections. It is used to manufacture radio appliances, automobile steering 
wheels, handles, windows, goggles, combs, musical instruments, photographic 
and X-ray films etc. [99-103]. 
2.2.4. Polyamides 
The chemistr>' of synthetic polyamides started inl862 when Harbordt 
[104] obtained an insoluble and infusible power by reacting hydrogen chloride 
gas on m-aminobenzoic acid at 200*'C, now, which we called poly(3-benzo-
amide). The first aliphatic polyamide reported by Gabril and Maas in 1899 
[105] is polyhexaniamide. With the clear object to obtaining high-molecular 
weight polyamide, Carothers and his associates synthesized polyhexane 
(hexanediamide) in 1933 [105]. 
Polyamides are condensation products having amide groups (-CONH-) 
as integral part of the main polymer chain. There are number of polyamides 
found in nature such as casein, wool, silk various proteins, etc. Synthetic poly-
amides are produced by condensation reaction between monomers in which the 
linkage of the molecules occurs through the formation of the amide groups. 
They may be produced by the interaction of a diamine (a compound containing 
two amino, -NH2 groups) and a diacid. They may also be formed by self-
condensation of an amino acid or an amino derivative. The most important 
;amide polymers are nylons, an extremely versatile class of material that is an 
indispensable fiber and plastic [106,107]. 
The birth of nylon was an epoch-making event in human history. 
Coming to the world after aluminium the last arrival (1886) in the metallic age. 
Nylon was the first full artificial polymer material and opened the plastic age. 
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In October 1938 Du Pont USA announced the invention of the first wholly 
sjmthetic fiber ever produced and given the trade name nylon. The scientists of 
thie ICI GROUP of London found similar results. Hence, to give recognition to 
both the groups, the product obtained by condensation polymerization of 
hexamethylenediamine and adipic acid was named NYLON, NY for New York 
and LON for London. But generally Carothers and his associates are credited 
with the synthesis of the first nylon. The material was actually polyhexa-
methylene adipamide, also known as nylon-6,6 for the presence of six carbon 
atoms in each of its two monomers. Soon after the Du Pont fiber was marketed 
n3^ 1on-6 (polycaprolactam) was produced in Europe [105,106,108]. 
Nylons are aliphatic polyamides. They are liner structure and are 
thermoplastic in nature. The polymer chain have polar -CONH- groups spaced 
out by methylene links of various lengths, depending upon the type of nylon. 
The presence of polar groups in nylons creates greater interchain inter-action, 
which leads to higher melting point for polymers. Nylons are good insulators 
at high as well as low fi-equencies. However, they cannot be used as insulators 
under humid conditions, as they absorb water. So Nylon-6 and nylon-66 have 
almost the same structure and similar properties. Nylons made by self-
polycondensation of an amino acid or by ring opening polymerization of 
lactams are represented by nylon-6 and by condensing hexamethylene-diamine 
and adipic acid by nylon-6,6 [110-112]. 
2.2.4.1. Properties and applications of nylon-6 
-NHCO—(CH2)5-
n 
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Nylon-6 has melting point of 250°C. It has good tensile strength, 
abrasion resistance and toughness up to 150''C. It is generally unaffected by 
dry-cleaning fluids. It has excellent stability against alkalis. Light degrades 
tlais polymer just like any other textile fiber. It is resistance to weak acids 
alkali (weak and strong), esters and hydrocarbons. Strong acids attack it, 
however, formic acid and phenols dissolve this polymer. Nylon-6 is used in 
tlie manufacture of gears, bushes, dry pumps, cams, slide fasteners, door 
hinges, gaskets, tire cords, bristles etc. It is also used to in chemical containers, 
conveyor belts and electrical insulation etc.[108,109,111]. 
2.2.4.2. Properties and application of nyIon-6,6 
CO—<CH2)4 —CONH— (CH2)6—N-
n 
Nylon-6,6 has melting point of 250°C. It also has good tensile strength, 
abrasion resistance and toughness up to 150°C. It is generaUy unaffected by 
dry-cleaning fluids. It has excellent stability against alkalis. It is resistance to 
many solvents; however, formic acid, cresols, and phenols dissolve these 
polymers. 
Nylon-66 is also used for making gears, cams, dry bearings, and dry 
pumps, guide bushes etc. It is used to make tire cords, ropes and mono-
filaments. It is also used to make gears and bearings moldings made of 
sterilized grade nylon-66 are used in pharmacy and medicine. It has been used 
for packaging foodstuffs, hydrogenated vegetable oils, gee, etc. It also used to 
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prepare bristles, wigs, sports equipment etc. Fiberglass reinforced nylon-66 is 
used in manufacturing car components, different military and in electrical 
applications [108,109,112]. 
2.2.5. Aramides 
Aromatic polyamide is called aramides. Direct polycondensation under 
mild conditions is probably tlie most elegant and valuable metliod available for 
obtaining wholly or partially aromatic high-molecular-weight polyamides. 
Since about 1960, considerable research effort all over the world has been 
developed to aromatic polyamides because of their special properties. They are 
prepared either by the self-condensation of aromatic amino acids or by poly-
condensation between aromatic diacid chloride and aromatic diamines. 
Historically speaking, the first direct polycondensation of aromatic compound 
was carried out by Ogata and Tanaka in dimethylformamide (DMF) with 
triphenylphosphite (TPP) and imidazole [109,113]. 
Aramides have a very high melting point (>500*'C), so they are thermally 
very stable and fire resistant, more or less rodlike depending on the units, 
spinnable in solution to give ultrahigh-strength, high-modulus fibers and 
exhibit liquid cr>'stal behavior. They are also ver>' useful materials for military, 
aeronautic and space industries. Aramides Fibers made of them have 
extremely high modulus and find application in reinforced plastic with usually 
high strength-to- weight rations [109,113]. 
Although there is a wide variety of conjugated polymers synthesized so 
far and many more are expected in future^ literature were reviewed only for 
some well studied and characterized conjugated polymers such as poly-
acetylene, polypyrrole and poly aniline. After a very careful consideration of 
merits and demerits in the literature surveyed on above-mentioned 
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conjugated polymers, polyaniline (PANI) has been selected as the conduc-
ting component for the preparation of conducting composites. Strong 
reasons underlying in this selection include the ease of preparation, fairly 
good environmental as well as thermal stability and sufficiently high 
electrical conductivity. The non-conducting polymers such as poly-
ethyleneterephthalate (PET), polyacrylonitrile (PAN), cellulose acetate (CA), 
nylon-6 (N6), nylon-6,6 (N66) and aramides (AR), were selected for this 
study on the basis of their ease of availability and processing, mechanical 
properties and environmental and thermal stability. The further survey was 
conducted on the composites based on polyaniline and the above-mentioned 
non-conducting polymers. 
2.3. Polyaniline composites 
Sifullina et al [114] reported the electrochemical synthesis of polyaniline 
composites in porous polyethyleneterepthalate (PET) and polyethylene (PE) 
matrices prepared by solvent crazing. Electrochemical polymerization of 
aniline in porous matrices produced highly dispersed polyaniline of morpho-
logy different from that of polyaniline prepared in absence of matrices. 
Distribution of polyaniline in the porous matrices was observed to be depen-
dent on the mode of solvent crazing and the extent of drawing of the solvent 
crazed polymer. 
KaUiori et al [115] reported the surface grafting of polyaniline on silica 
by chemical polymerization. Whereas the change in electrical conductivity of 
composite of polyaniline and poly(ethylene-co-vinyl acetate) was investigated 
by Tsanov et al [116]. It was observed that the fraction of polyaniline at which 
a conductivity jump occurs is not constant during £ i^ng as well as during 
storage. Tlie electrical conductivity of the fihns of low' polyaniline content (up 
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to 2.5 wt.%) increased by several orders of magnitude over a period of eight 
months storage. It was proposed that the polyaniline phase undergoes floccu-
lation, which subsequently forms a continuous conductive network. The elec-
trical conductivity jump was attributed to the dynamic interfacial interactions 
between the constituents of the composites. 
Conductive blends prepared from plasticized cellulose acetate and 
polyaniline protonated with sulfonic acid, phosphonic acid and phosphoric acid 
were observed to be highly transparent. Fikns casted from m-cresol solution 
showed a percolation threshold below 0.5 wt.% and excellent mechanical 
properties [117]. 
A green colored porous vycor glass composite with polyaniline was 
prepared by oxidative polymerization of aniline on aniline impregnated porous 
vycor glass. Exposure of composite to NH4OH solution leads to a reversible 
color change from dark green to dark blue [118]. Jan et al. [119] prepared 
composites of polyaniline with vinylidene chloride-co-methylacrylate and -co-
butyl acrylate copolymers by chemical method. Appropriate polymerization 
conditions made it possible to obtain composites containing ~5 to 50 % of 
polyaniline in tlie composite and tlie electrical conductivity was observed to be 
l .5Scm•^ 
Charge transport studies were reported on camphor sulfonic acid doped 
composite of polyaniline with nylon-12 (CSA-PANI/Nylonl2) and toluene 
sulfonic acid doped composite of polyaniline with carbon black (TSA-
PANI/CB). The CSA-PANI/Nylonl2 showed a temperature dependent 
insulator-metal transition and anomalous high microwave adsorption whereas 
the TSA-PANI/CB showed an unusual insulator to metal transition from the 
individual materials to the composites. A common mechanism was suggested 
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for the inhomogeneous charge transport due to the formation of ordered 
regions during the polymerization of conducting polyaniline in both the 
composites [120]. 
Electrical conductivity of polyaniline and polycarbonate composite 
could be increased more than 15 orders of magnitude by a small variation in 
£imount of polyaniline in composite as explained by percolation model. The 
percolation threshold and critical exponent of electrical conductivity suggests 
the anisotropy in electrical conductivity' while highly conducting composite is 
found to be stable up to 160°C in terms of electrical conductivity [121]. 
Percolation threshold of electrical conductivity of emulsion polymerized 
polyaniline-chlorosulfonatedpolyethylene copolymer and polyaniline-styrene-
butadiene terpolymer composites were observed to be 21% and 70% respec-
tively. However, it increased two orders of magnitude and exhibited a new 
percolation threshold 3.0% for both the composites after secondary doping by 
m-cresol. The secondary doping noticeably increased permanent set change 
with polyaniline content as well as changed the ductile fracture into the brittle 
fracture. Secondary doping did not show any marked effect on tensile strength 
and elongation [122]. 
Young et al. [123] reported the preparation of electrically conductive 
polyaniline:polystyrene composites by in-situ polymerization and blending. 
ITie electrical conductivity of polyaniline: polystyrene composites was impro-
ved with increasing amount of polyaniline and reached to a high value of 0.1 S 
cm"^  at a content of 12 wt% as calculated by elemental analysis. The compo-
sites were found very soluble in organic solvents such as chloroform, xylene 
and N-methylpyrrolidone (NMP) while electrical conductivity of composites, 
doped with dodecylbenzenesulfonic acid and thermally treated at 180°C for 3 
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hours showed good stability. A conductive nylon6:polyaniline composite for 
rechargeable battery electrode and for liquid crystal display with improved 
mechanical strength and electrical stability was also reported [124]. 
Phase separation and conductive pathways formation was observed in 
polyaniline:polyethylene-co-vinylacetate composite films resulting in the 
formation of polyaniline enriched lower side layers during storage. A distinct 
difference in the electrical conductivity of the two sides of the films was 
detected. A mathematical interpretation of the evolution in percolation 
behavior of polyaniliiie;polyethylene-co-vinylacetate composites versus time is 
presented. The unstable conducting properties (both the electrical conductivity 
jimip and phase separation phenomenon) of poIyaniline:polyethylene-co-
^/inylacetate composites over time revealed their dissipative nature supporting 
the dynamic interfacial model of conductive polymer composites [125]. Zheng 
et al [126] used electrochemical technique to synthesize highly conducting 
polyaniline:polyvinylacetate composite film using perchloric acid as a dopant 
cis well as oxidant. Electrical conductivity was observed to be 0.173 S cm'\ 
Synthesis and characterization of highly conducting polyanilinexlay 
nanocomposite with extended chain conformation was reported by Qiuju et al 
[127]. The conductive emeraldine salt form of polyaniline was inserted into 
the galleries of montmorillonite to produce the hybrid with highly conducting 
polyaniline. The product obtained was a nanocomposite and over 90% of 
polyaniline chains were inserted between the layers. It was also found that the 
polymerization is a diffusion-limited process [127]. 
A composite of polyaniline (PANT) encapsulating titanium oxide (Ti02) 
with nanometer size has been synthesized by in-situ emulsion polymerization. 
Particle dimensions have been measured and the nature of the association 
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between the components have been studied using SEM and TEM techniques. 
The interaction between PANI and Ti02 and the nature of chain growth have 
been investigated and explained with the help of FTIR spectroscopic studies. 
The improvement in thermal stability and crystallinity of nanocomposites of 
polyaniline and Ti02 has been evaluated by using TGA and XRD. The mecha-
nism of charge transport and photo induced charge transfer in composites has 
also been reported [128]. 
Polyaniline thermally blended with butadiene-styrene rubber at different 
weight composition and then was capillary extruded to fibers. Microscopic 
analysis on the extrudates revealed that polyaniline was deformed during the 
process to produce elongated structures i.e. ellipsoids or even short fibers in the 
blends. Electrical measurements were performed and it was found that blends 
with more than 20 weight percentage polyaniline could produce an electrical 
conductive composite with a good level of conduction. The relationship bet-
ween the volume conductivity and content of polyaniline in the blends showed 
characteristics of a percolation system, with a threshold as low as 5 weight % 
of polyaniline [129]. 
Oyama et al [130] reported a composite of 2,5-dimercapto-l,2,4-thio-
diazole and polyaniline on a copper current collector that provides high charge 
density exceeding 225 Ah/Kg cathode with average discharge voltage at 3.4 V. 
llie composite cathode showed excellent rate capability and cyclability of 
>500 cycles. While large increase in the charge density to 550 Ah/Kg cathode 
is achieved by adding elemental sulfur (Sg) to the composite cathode. 
A conducting elastomeric foam composite from an elastomer foam and 
polyaniline was reported by Bessette et al [131 ]. Only -5% of conductive 
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poljoner is required for insulator to conductor transition and the electrical 
conductivity of the composite foam could be effectively controlled between 
10-^  and 10"^  S cm' by varying the amount of oxidant used and/or by variation 
in the copolymer composition. 
Several protonated poly(o-anisidine):polyvinylalcohol composites were 
prepared using different types of acids such as sulfuric, p-toluenesulfonic, 
camphorsulfonic, and p-dodecylbenzenesulfonic acids. The linear dependence 
of the log of electrical conductivity on the variation of humidity was observed 
for all the composites, which was caused by the salt-base transition of the 
conducting polymer i.e. by the movement of free acid between the active sites 
of the conducting polymer and the strongly bound water existing in poly-
vinylalcohol, which in turn depended directly on the environmental humidity. 
The response time of the composites to humidity was shortened with a decrease 
in the size of the dopant anions [132]. The composite of polyaniline and its 
derivatives with polyvinylalcohol were observed to be useful materials as 
humidity sensors by Shiigi et al [133] also. Certain composites like poly(o-
phenylene diamine), and poly(o-aminophenol) with polyvinylalcohol exhibited 
linear dependence of electrical conductivity versus atmospheric humidity 
whereas those of poly(m-phenylenediamine) and poly(o-toluidine) with poly-
vinylalcohol showed non-linear dependence on humidity without hysteresis. 
H. Shiigi et al. [134,135] prepared composites of polyaniline and its derivatives 
with polyvinylalcohol. They developed sensors based on this composite to 
detect carbon dioxide and humidity. 
A conducting composite of polyaniline and polycarbonate was prepared 
by a blending using chloroform as a solvent by Lee et al [136]. Polycarbonate 
containing sulfo group enhance the Coulombic interaction between two phases 
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of the composite. The effect of ionic groups in sulfonated polycarbonate was 
monitored using measurements of both the mechanical and thermal properties. 
The electrical conductivity was increased to 7.5 S cm"^  on doping with 
camphorsulfonic acid or dodecylbenznesulfonic acid. 
koh and Rajagopalan [137] electrochemically codeposited polyaniline 
:and polypyrrole on carbon fibers under potentiostatic conditions. Electro-
polymerization was carried out by varying the applied potential and the feed 
ratio of monomers. Weight gain plots indicated that polyaniline is preferen-
tially formed when the monomer ratio is 90% aniline: 10% pyrrole, however, 
more polypyrrole was formed as pyrrole concentration increased. The thermal 
stability of the composites was observed to be between the stability of homo-
polymers of the components. The morphology of the composite was affected 
by the polymerization potential and monomer feed ratio. 
An improvement in the electrical conductivity of polyaniline:nylon-6 
composite fabrics was observed on surface modification of nylon-6 fabrics by 
various plasma treatments by Oh et al [138]. Electrical conductivities of poly-
<miline:nylon-6 composite fabrics were highly increased by ultrasonic treat-
ment, which assisted the diffusion of aniline in to the inside of nylon fabrics by 
cavitation and vibration. The fabric conductivity was also observed to increase 
with increase in monomer concentration and the polyaniline deposition cycles. 
Park et al. [139] prepared polyaniline:polyacrylonitrile composite by electro-
chemical polymerizing aniline on the polyacrylontrile coated platinum 
electrode and they compared the properties on the composite with that of the 
polyaniline. 
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OBJECTIVES 
Recent progress of mankind is directly or indirectly depends on advance 
technology and materials, which can perform better and open new dimensions 
for research and development. In the last two decades, electrically conducting 
polymers have established their place as important constituents of various 
electronic and photonic devices due to their characteristic properties. 
These materials are not also free from disadvantages mainly non-
processibility by solvent or melt techniques, poor mechanical properties after 
doping and environmental instability. These problems have greatly impeded 
their use in various novel ^plications. 
To meet the demand of materials of improved performance, commercial 
polymers are always mixed together with various additives of monomeric or 
polymeric in nature. It is aimed that the additives will act synergistically with 
the polymer and will meet the combined requirement of a particular 
application. Conducting polymer composites possess the combination of 
traditional and conducting polymer as has observed during literature survey. 
Electrically conducting polymer based composites have been prepared 
by using several insulating polymers as matrix. The conducting polymer 
selected is polyaniline after carefiil scrutiny of the literature survey. The raw 
materials are cheap, polymerization is simple, yield is good, environmental 
stability is high and electrical conductivity can be achieved simply by protonic 
acid doping. The insulating polymers used are polyethylene-terepthalate, 
polyacrylonitrile, cellulose acetate, nylon-6, nylon-6,6 and aramide. 
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In view of the above-mentioned facts, the work was carried out in the 
following hnes. 
> preparation of polyaniline, 
> laboratory preparation of aramides (AR) and procurement of 
standard samples of polyethyleneterephthalate (PET), 
polyacrylonitrile (PAN), cellulose acetate (CA), nylon-6 (N6) 
and nylon-6,6 (N66). 
> preparation of electrically conducting composites based on 
polyaniline (PANI) with polyethyleneterephthalate (PET), 
polyacrylonitrile (PAN), cellulose acetate (CA), nylon-6 (N6), 
nylon-6,6 (N66) and aramides (AR) using different techniques, 
> study of the doping and undoping behavior of composites, 
> FTIR spectroscopic studies of composites and their constituents, 
> SEM studies of composites and their constituents, 
> XRD studies and elemental analysis of aramides synthesized in 
the laboratory, 
> studies on DC electrical conductivities of composites, 
> TGA and DTA studies of composites and their constituents and 
> stability of composites under isothermal as well as cyclic thermal 
conditions in terms of DC electrical conductivitv retention. 
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CHAPTER-3 
mt'V^ 
Chapter-3 
Experimental 
3.1. Materials 
Acetone, 99%, Qualigens, India Ltd. {used as received). Ammonia 
solution, Qualigens, India Ltd. {used as received). Aniline, 99%, Qualigens, 
India Ltd. {doubly distilled before use), Aramides {synthesized in laboratory). 
Carbon tetrachloride, 99%, Qualigens, India Ltd. {used as received). 
Cellulose acetate, CDH India Ltd. {used as received). Formic acid, 85%, 
Qualigens, India Ltd. {used as received). Hydrochloric acid, 35%, E. Merck, 
India Ltd. {used as received). Iodine, Assay 99.5-100.5%, E. Merck, India Ltd. 
{used as received), Nylon-6, Aldrich Chem. Co. {used as received), Nylon-6,6, 
Du Pont Ltd. {used as received), Polyethyleneterephthalate film. Century 
de'Smat Co. India Ltd. {washed with toluene and dried in an air oven at 6(fC 
for 12 hours before use), Polyacrylonitrile sheets, Aman Enterprizes, India 
{used as received). Potassium persulphate, 98%, CDH India Ltd. {used as 
received), Terephthelyl dichloride, 99+%, Aldrich Chem. Co. {used as 
received), Tetrahydrofuran, 99.5%, CDH India Ltd. {used as received). 
3.2. Synthesis of Polymers 
3.2.1. Polyaniline 
Polyaniline was synthesized by oxidative polymerization of doubly 
distilled aniline solution in aqueous HCl at ice temperature using potassium 
persulphate in aqueous HCl as an oxidant. Aniline (0.2 mol) was dissolved in 
1000 ml of aqueous solution of HCl (IM) and potassium persulphate (0.25 
mol) was dissolved in 1000 ml HCl (IM). The oxidant solution was then 
added slowly to the aniline solution with continuous stirring at ice temperature. 
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The reaction mixture was kept under continuous stirring for an hour and kept 
overnight in a refrigerator. The reaction mixture was filtered and washed with 
HCl (IM) till the filtrate became colorless and then with doubly distilled water 
until the filtrate became acid free. Thus synthesized polymer was undoped by 
treatment with excess of aqueous ammonia (IM) and repeatedly washed with 
distilled water until the filtrate became neutral. The polymer was ground to 
fine powder while low molecular weight oligomers fi'om polymers were 
removed by soxhalation with acetone [1-5]. As-prepared polymer was dried 
for 48 hours at 60°C in an air oven for 24 hours and stored is a dessicator for 
experiments. 
3.2.2. Aramides 
3.2.2.1. Synthesis of aramide-l (ARl) 
The composition of reaction mixture for the synthesis of aramide-l 
(ARl) is given in table-3.1. 
Aramide-l (ARl) was synthesized by direct polycondensation between 
doubly distilled aniline and terephthelildichloride at 20*'C. Separate solutions 
of aniline and terepthelildichloride were prepared in carbontetrachloride. The 
laniline solution was then added very slowly to the terephthelildichloride 
solution with continuous shaking for two hours, as the reaction was exothermic 
;md then kept overnight at 20°C. The product was filtered and washed with 
CCI4 and then with doubly distilled water until the filtrate became neutral. The 
material was dried at 60°C in an air oven for 24 hours and stored in a dessicator 
for experiments. 
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3.2.2.2. Synthesis of araniide-2 (AR2) 
The composition of reaction mixture for the synthesis of aramide-2 
(AR2) is given in table-3.1. 
Aramide-2 (AR2) was synthesized by interfacial polycondensation 
between doubly distilled aniline and terepthelildichloride at 2(fC. Doubly 
distilled aniline was dissolved in aqueous HCl (IM) and a solution of tere-
phthelildichloride was prepared in carbontetrachloride. Aniline solution was 
mixed into the solution of terephthelildichloride slowly. The polymerization 
took place at the interface of the two solutions. The solution was kept over-
night at 20°C for the polymerization to complete. The product was filtered and 
washed with CCI4 followed by doubly distilled water until the filtrate became 
neutral. The material was dried at 60°C in an air oven for 24 hours for storage 
in a dessicator for experiments. 
Table-3.1. Synthesis of aramides (ARl and AR2). 
Polymer 
Aramide-l 
Aramide-2 
Aniline solution 
Quantity 
of aniline 
(g) 
20 
20 
Solvent 
used 
CCI4 
HCl 
(IM) 
Vol. of 
Solvent 
(ml) 
100 
200 
Terepthelyldichloride solution 
Quantity 
of terpdcl 
(g) 
20 
20 
Solvent 
used 
CCI4 
CCI4 
Vol. of 
Solvent 
(ml) 
200 
200 
terpdcl = Terepthelyldichloride 
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3.3. Preparation of composites 
3.3.1. Polyaniline:polyethyleneterephthalate (PANIrPET) 
composites 
Polyethyleneterephthalate (PET) films of thickness 75 p., 100|j., and 125p, 
were cut into square shaped pieces such that each sample weighed 0.5g. PET 
films were kept in 30 ml of doubly distilled aniline at ~35°C for different 
periods of time. The films soaked in aniline were treated with potassium 
persulphate solution in HCl (IM) for 20 hours in order to polymerize aniline 
within the PET matrix. Films were taken out and washed with doubly distilled 
water, undoped by treatment with excess of aqueous ammonia (IM) and 
repeatedly washed with distilled water until the filtrate became neutral. The 
composite films were dried for 48 hours at 60°C in an air oven and then stored 
in a dessicator for experiments. 
3.3.2. PolyaniIine:polyacryloiiitrile-l (PANI:PAN1) composites 
The detail of the preparation of polyaniline.polyacrylonitrile (PANI-
PANl) composite films is given in table-3.2. 
Doubly distilled aniline was mixed with the solution of polyacrylonitrile 
in tetrahydrofuran (THF) and kept at room temperature (~33°C) for 24 hours 
with occasional stirring. The composite films were casted on flat glass plates 
by evaporation of the solvent at room temperature. Cylinder like glass tubes 
(with a diameter of 3.8 cm, height 4 cm and thickness of 0,2 cm), were used to 
prepare the fihns of composites. The aniline containing fibns were treated for 
20 hours with K2S2O8 dissolved in aqueous HCl (IM) to effect the polymeri-
zation of aniline within the PAN matrix. The films were washed with aqueous 
HCl (IM) followed by doubly distilled water till the filtrate became acid free. 
The composite films were undoped by treating with excess of aqueous 
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ammonia (IM), repeatedly washed witli distilled water until the filtrate became 
neutral, dried for 48 hours at 60°C in an air oven and stored in a dessicator for 
experiments. 
3.3.3. Polyaniline:polyacrylonitrile-2 (PANI:PAN2) composites 
The composition of reaction mixture for the preparation of PAN1:PAN2 
composite films is given in table-3.3. 
A viscous solution of polyacrylonitrile dissolved in aniline was prepared 
by slowly adding portions of (0.1 g) of polyacrylonitrile in aniline at the room 
temperature (~33°C). Films were casted from the solution on the flat glass 
plates allowed to dry for 3 days in a closed container. The glass plates along 
with the films were treated with K2S2O8 solution in HCl (IM) for 20 hours to 
effect the polymerization of aniline within the PAN matrix. The composite 
films were washed with aqueous HCl (IM) followed by doubly distilled water 
till the filtrate is acid fi-ee. Thus prepared composite fihns were imdoped by 
treatment with excess of aqueous ammonia (IM) and repeatedly washed with 
distilled water until the filtrate became neutral. The films were dried for 48 
hours at 60°C in an air oven and stored in a dessicator for experiments. 
3.3.4. PolyaniIine:cenuloseacetatc-l (PANItCAl) composites 
The detail of the preparation of polyanilinexelluloseacetate (PANI.CAl) 
composites is given in the table-3.4. 
Finely ground, self-prepared and undoped polyaniline was added to 
cellulose acetate dissolved in acetone. The solution mixture was shaken well to 
get a homogeneous suspension. The films were prepared in the dishes with 
very smooth and flat surface by the evaporation of the solvent. The films were 
dried for 48 hours at 60''C in an air oven and stored in a dessicator for 
experiments. 
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Table-3.2. Preparation of polyaniUne.-polyacrylonitrile-l (PAN1:PAN1) composites. 
Sample 
ID 
PANI:PAN1-1 
PANI:PANl-2 
PANI:PANl-3 
PANI:PANl-4 
PANI:PANl-5 
PANI:PANl-6 
PANI:PANl-7 
PANI:PANl-8 
PANI:PANl-9 
PANI:PAN1-10 
Quantity of 
PAN 
(g) 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
Quantity of 
THF 
(ml) 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
Quantity of 
Aniline 
(g) 
0.25 
0.5 
0.75 
1.0 
1.25 
1.5 
1.75 
2.0 
2.25 
2.5 
Quantity of 
0.2M KzSjOg 
HCI (IM) 
(ml) 
300 
300 
300 
500 
500 
500 
500 
500 
500 
500 
PAN = polyacrylonitrile; THF = Tetrahydrofuran 
Table-3.3. Preparation of polyaniline:polyacrylonitrile-2 (PAN1:PAN2) composite. 
Sample 
ID 
PANI:PAN2 
Quantity of 
Aniline 
(g) 
10 
Quantity of 
Polyacrylonitrile 
(g) 
-4.6 
Quantity of 0.2M K2S208 
HCI (IM) 
(ml) 
1000 
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Table-3.4. Preparation of polyaniliDe:celluloseacetate-l (PANlrCAl) composites. 
Sample 
ID 
PANI:CA1-1 
PANI:CAl-2 
PANLCAl-3 
PANI:CAl-4 
PANI:CAl-5 
PANI:CAl-6 
PANI:CAl-7 
PANI:CAl-8 
PANI:CAl-9 
PANI:CA1-10 
Quantity of Cellulose 
Acetate 
(g) 
Quantity of Acetone 
(ml) 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
Quantity of 
Polyaniline powder 
(g) 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 
Table-3.5. Preparation of polyaniline:cellulo$eacetate-2 (PANI:CA2) composite. 
Sample 
ID 
PANI:CA2 
Quantity of 
Aniline 
(g) 
10 
Quantity of Cellulose 
Acetate 
(g) 
-4.5 
Quantity of 0.2M K2S208 
HQ (IM) 
(ml) 
1000 
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3.3.5. PoIyaniIine:celluIoseacetate-2 (PANI:CA2) composites 
The composition of reaction mixture for the preparation of 
polyanilinexelluloseacetate composites (PANI:CA2) is given in table-3.5. 
A viscous solution of cellulose acetate dissolved in aniline was prepared 
by slowly adding portions of (0.1 g) of cellulose acetate in aniline at the room 
temperature (~33°C). Films were prepared from the solution on the flat glass 
plates allowed to dry for 3 days in a closed container. The glass plates along 
with the fihns were treated with K2S2O8 solution in HCl (IM) for 20 hours to 
effect the polymerization of aniline. The composite films were washed with 
aqueous HCl (IM) followed by doubly distilled water till the filtrate is acid 
free. Thus prepared composite films were undoped by treatment with excess of 
aqueous ammonia (IM) and repeatedly washed with distilled water until the 
filtrate became neutral. The films were dried for 48 hours at 60°C in an air 
oven and stored in a dessicator for experiments. 
3.3.6. Polyaniline:nylon-6 (PANI:N6) composites 
The composition of reaction mixture for the preparation of polyaniline: 
nylon-6 (PANI:N6)composites is given in table-3.6. 
A slightly modified technique as reported in the literature [6,7] has been 
used in the preparation of composites. Doubly distilled aniline was added to 
nylon-6 solution in formic acid and kept in an ice bath for an hour under 
continuous shaking. Fine pov^ d^er of potassium persulphate was added in small 
portions under continuous stirring and left for 24 hours at ice temperature to 
complete the polymerization of aniline. The contents were poured into excess 
of distilled water, filtered and washed repeatedly with distilled water until the 
filtrate became neutral. Product was dried for 48 hours at 60°C in an air oven 
<md stored in a desiccator for experiments. 
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Table-3.6. Preparation of polyaiiiline:nylon-6 (PAN1:N6) composites. 
1 
Sample 
ID 
PANI:N6-1 
PANI:N6-2 
PANI:N6-3 
PANI:N6-4 
PANI:N6-5 
PANI:N6-6 
PANI:N6-7 
PANI:N6-8 
PANI:N6-9 
PANI:N6-10 
Quantity of 
Nylon-6 
(g) 
1 
1 
1 
1 
I 
1 
1 
1 
1 
1 
Quantity of 
Formic Acid 
(ml) 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
Quantity of 
Potassium 
persulphate (g) 
0.35 
0.71 
1.05 
1.4 
1.75 
2.1 
2.45 
2.8 
3.15 
3.5 
Quantity of Aniline 
(ml) 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 
(g) 
0.1023 
0.2046 
0.3069 
0.4092 
0.5115 
0.6138 
0.7161 
0.8184 
0.9207 
1.023 
Table-3.7. Preparation of polyaniline:nylon-6,6 (PANI:N66) composites. 
Sample 
ID 
PANI:N66-1 
PANI:N66-2 
PANI:N66-3 
PANI:N66-4 
PANI:N66-5 
PANI:N66-6 
PANI:N66-7 
PANI:N66-8 
PANI:N66-9 
PANI:N66-10 
Quantity of 
NyIon-6,6 
(R) 
Quantity of 
Formic Acid 
(ml) 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
Quantity of 
Potassium 
persulphate (g) 
0.35 
0.71 
1.05 
1.4 
1.75 
2.10 
2.45 
2.8 
3.15 
3.5 
Quantity of Aniline 
(ml) 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 
(g) 
0.1023 
0.2046 
0.3069 
0.4092 
0.5115 
0.6138 
0.7161 
0.8184 
0.9207 
1.023 
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3.3.7. PolyaniIine:nylon-6,6 (PANI:N66) composites 
The composition of reaction mixture for the preparation polyaniline: 
nylon-6,6 (PANI:N66)composites is given in table-3.7. 
A shghtly modified technique reported in the hterature [6,7] has been 
used in the preparation of composites. Doubly distilled aniline was added to 
nylon-6,6 solution in formic acid and kept in an ice bath for an hour under 
continuous shaking. Fine powder of potassium persulphate was added in small 
portions under continuous stirring and left for 24 hours at ice temperature to 
complete the polymerization of aniline. The contents were poured into excess 
of distilled water, filtered and washed repeatedly with distilled water until the 
filtrate became neutral. Product was dried for 48 hours at 60°C in an air oven 
and stored in a desiccator for experiments. 
3.3.8. Polyaniline.'arainide (PANI:AR) composites 
Details of the composite preparations of polyaniline with aramide-1 
(ARl) and aramide-2 (AR2) are given in table-3.8 and table-3.9 respectively. 
Composites of polyaniline with aramides were prepared by mechanical 
mixing of finely ground undoped polyaniline and aramides in different ratios 
(w/w). 
3.4. Doping of the composites 
Doping of polyaniline:polyethyleneterepthalate (PANI:PET) composites 
was carried out by treating the composites with IM aqueous solution of HCl. 
Composite films (0.25 g each) were treated with 400 ml of IM aqueous HCl at 
room temperature for 50 hours. 
Polyaniline:poyacrylonitrile (PANI:PAN) composite fihns were doped 
by treating them with IM aqueous solution of HCl. Composite fihns (1.0 g 
99 
Table-3.8. Preparatioa of poIyaniiine:araniide-l (PANIrARl) composites. 
Sample 
ID 
PANI:AR1-1 
PANI:ARl-2 
PANI:ARl-3 
PANI:ARl-4 
PANI:ARl-5 
PANI:ARl-6 
PANI:ARl-7 
PANtARl-8 
PANI:ARl-9 
PANI:AR1-10 
Quantity of Aramide-l 
(R) 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
Quantity of Potyaniline 
(g) 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
TabIe-3.9. Preparatioa of poIyaniline:aramide-2 (PANI:AR2) composites. 
Sample 
ID 
PANI:AR2-1 
PANI:AR2-2 
PANI:AR2-3 
PANI:AR2-4 
PANI:AR2-5 
PANI:AR2-6 
PANI:AR2-7 
PANI:AR2-8 
PANI:AR2-9 
PANI:AR2-10 
Quantity of Aramide-2 
(g) 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
Quantity of Poiyaniline 
(g) 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
100 
each) were treated with 500 ml of IM aqueous solution of HCl at room 
temperature for 50 hours. 
Polyaniline:celluloseacetate-l (PANI:CA1) composite fikns were doped 
by treating them with IM aqueous solution of HCl. Composite fikns (0.5 g 
each) were treated with 400 ml of IM aqueous solution of HCl at room 
temperature for 50 hours. In case of polyaniline:celluloseacetate-2 
(PANI:CA2) composite, composite film (1.0 g) was treated with 500 ml of IM 
aqueous solution of HCl at room temperature for 50 hours. 
Polyaniline:nylon-6 (PANI:N6) composites (0.5 g each) were treated 
with 200 ml IM aqueous solution of HCl for 50 hours at room temperature. 
Polyamline:nylon-6,6 (PANI:N66) composites (0.5 g each) were treated with 
200 ml IM aqueous solution of HCl for 50 hours at room temperature. 
After 50 hours solution doping, all the composite materials were washed 
with doubly distilled water repeatedly till the filtrate became neutral and dried 
in an air oven at 60°C for 12 hours and stored in dessicator for experiments. 
Polyaniline:aramide (PANI:AR) composites were doped with 0. IM 
iodine solution in acetone. Composites (1.0 g each) were treated with 
50 ml iodine solution for 70 hours at room temperature in dark. All the 
composite samples were doped by the same procedure. After doping, the 
materials were washed with doubly distilled water repeatedly and dried in an 
air oven at 60°C for 12 hours. 
3.5. Pellets preparation 
Pellets were prepared from polyaniline:nylon-6 (PANI:N6), poly-
aniline:nylon-6,6 (PANI:N66), polyaniline:aramide-l (PANI:AR1) and 
polyaniline:aramide-2 (PAN1:AR2) composites because they were in powder 
form. Fine powder of each composite was pressed into pellets using a 
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hydraulic pressing machine in a KBr die. Pellets of polyaniline;nylon 
composites were prepared under 75 KN pressure for 3 hours and the pellets of 
polyaniline:aramide composites were prepared under 50 KN pressure for 30 
minutes. 
3.6. Characterization 
3.6.1. FTIR spectroscopic studies 
The FTIR spectra of the materials were recorded by using the (a) Perkin 
Ehner 1725, (b) Perkin Ebner (Spectrum BX) and (c) Nicolette Protege 460 
instruments. 
FTIR spectra of polyethyleneterpthalate (75^1, lOOn and 125^) thick 
films, aramide-1, aramide-2, polyaniline:polethyleneterepthalate (PANIiPET) 
composites, polyaniline:ceUuloseacetate (PANI:CA) composites, polyaniline: 
aramide (PANI:AR) composites were recorded by Perkin Elmer 1725 
instrument. FTIR spectra of polyaniline, polyaniline:polyacrylonitrile 
(PANI:PAN) composites were recorded by Perkin Elmer (Spectrum BX) 
instrument. FTIR spectra of celluloseacetate, polyaniline:nylon-6 (APNI:N6) 
composites, polyaniline:nylon-6,6 (PANI:N66) composites were recorded by 
Nicolette-Protege 460. 
3.6.2. Scanning electron microscopic (SEM) studies 
SEM studies were performed by using LEO 435 VP to examine the 
difference in surface morphology between the parent materials and their 
composites. 
3.6.3. DC Electrical conductivity measurements 
DC electrical conductivity of the doped composite fikns and pellets were 
measured with increasing temperature by using a 4-in-line probe DC Electrical 
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Conductivity Measuring Instrument (Scientific Equipments, Roorkee). DC 
Electrical conductivity (o) was calculated using the following equations-
a = G7(W/S)/(7o 3.1 
G7(W/S) = (2SAV)ln2 3.2 
ao=I/2V7iS 3.3 
G7(W/S) is a correction divisor which is a function of thickness of the sample 
as well as probe-spacing where I, V, W and S are current (A), voltage (V), 
thickness of the film (cm) and probe spacing (cm) respectively (Appendix-I). 
3.6.4. Thermal analysis 
Simultaneous differential thermal analysis (DTA) and thermogravimetric 
analysis (TGA) were performed on the selected composites by using Perkin 
Elmer (Pyris Dimond) instrument under dry air. The samples were heated 
from 25°C to 900°C at a rate of lOT min' at an airflow rate of 200 ml min''. 
3.6.5. Thermal stability of the composites in terms of DC electrical 
conductivity retention 
3.6.5.1. Isothermal technique 
The thermal stability of composite samples in terms of DC electrical 
conductivity retention was studied under isothermal condition by using 4-in-
line DC Electrical Conductivity Measuring Instrument. 
This study was carried out at 50°C, 70°C, 90°C, HOT and 130T on the 
selected composites. In polyaniline.polyacrylonitrile (PANI:PAN) composites 
the study was carried out on SO^ 'C, 70°C and 90°C in an air oven, because 
iiround 100°C the composite films curled on fiirther increase in temperature. 
irhe electrical conductivity measurements were done at an interval of 15 min. 
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3.6.5.2. Cyclic technique 
The thermal stability of the composites in terms of electrical conduc-
tivity retention was studied by repeatedly measuring 4-in-line probe DC 
electrical conductivity on films and pressed pellets with increasing temperature 
from 35°C to 130°C. The measurements were repeated in this temperature 
range for 5 times at an interval of 45 min, however, the temperature range for 
polyaniline:polyacrylonitrile (PANLPAN) composites was irom 35°C to 
lOO^ 'C. The data obtained for each sample were plotted as log CT versus 
T(K)/1000. 
3.6.6. X-Ray Diffraction Spectroscopic Studies 
X-ray diffraction patterns of the aramide-l aid aramid-2 were taken on 
powder samples in an aluminium sample holder by using an X-ray 
diffrectometerPW 1145/89. 
3.6.7. Elemental Analysis 
The percentage of carbon, hydrogen and nitrogen present in aramide-l 
and aramide-2 was obtained by using an elemental analyzer (Elementra Vario 
EL III, Carlo Erba 1108). 
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CHAPTER-4 
Chapter-4 
Polyanilineipolyethyleneterephthalate (PAN1:PET) composites 
4.1. Introduction 
Aliphatic polyesters do not have much industrial importance, mainly, 
because of their low melting points. The aliphatic polyesters having the degree 
of polymerization comparable to that of commercial polyethylene (PE), melt 
somewhere in the range of 50°C to 80°C whereas polyethylene (PE) melts 
around 120°C. This problem of low melting point is overcome by introducing 
aromatic rings in to the polyester chain. The presence of aromatic rings 
increase the stiffiiess of the polymer chains as a result the melting point also 
increases to around 250°C. Polyethyleneterephthalate (PET) is well stablished 
environmentally stable polyester. It has good resistance to heat and moisture. 
It has been used in the form of sheets, fihns and fibers [1-4]. 
Polyaniline occupies a high place among intrinsically conducting 
polymers because of its very simple preparation process, good environmental 
stability and can be doped simple by protonic acid [5-14]. 
This chapter deals with the preparation and characterization of 
composite films of polyaniline with polyethyleneterephtlialate. 
4.2. Results and discussion 
4.2.1. Preparation of composites 
The method of preparation of polyaniline:polyethyleneterephthalate 
(PANI:PET) composite films by soaking aniline within the PET film and then 
polymerizing aniline within the fikn is well demonstrated. As evident from the 
table-4.1, table-4.2 and table-4.3 a gradual increase in the weight of the 
composite film (shown in figure-4.1) is accompanied by the color change of 
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Table-4.1. Preparation of poIyaniline:polyethyIeneterephthaJate-75 (PANI:PET75) 
composites. 
Sample 
ID 
PANI:PET75-1 
PANI:PET75-2 
PANI:PET75-3 
PANI:PET75-4 
PANl:PET75-5 
PANI:PET75-6 
PANI:PET75-7 
PANI:PET75-8 
PANI:PET75-9 
PANI:PET75-10 
Aniline 
(ml) 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
Time 
(Hours) 
24 
48 
72 
96 
120 
144 
168 
196 
216 
240 
Weight of the film 
(g) 
Initial 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
After polymerization 
of aniline 
0.5176 
0.5327 
0.5355 
0.5400 
0.5510 
0.5612 
0.5633 
0.5658 
0.5669 
0.5670 
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Table-4.2. Preparation of polyaniline:polyethyleneterephthalate-100 (PANI:PET100) 
composites. 
Sample 
ID 
PANI:PET100-1 
PANI:PET100-2 
PANI:PET100-3 
PANI:PET100-4 
PANI:PET100-5 
PANI:PET100-6 
PANI:PET100-7 
PANI:PET100-8 
PANI:PET100-9 
PANIrPETl 00-10 
Aniline 
(ml) 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
Time 
(Hours) 
24 
48 
72 
96 
120 
144 
168 
196 
216 
240 
Weight of the film 
(g) 
Initial 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
After polymerization 
of aniline 
0.5172 
0.51885 
0.5256 
0.5282 
0.5327 
0.5379 
0.5391 
0.5486 
0.5658 
0.5723 
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Table-4.3. Preparation of polyaniline:polyethyleneterepthalate-125 (PANI:PET125) 
composites. 
Sample 
ID 
PANI:PET125-1 
PANI:PET125-2 
PANI:PET125-3 
PANI:PET125-4 
PANI:PET125-5 
PANI:PET125-6 
PANI:PET125-7 
PANI:PET125-8 
PANI:PET125-9 
PANI:PET125-10 
Aniline 
(ml) 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
Time 
(hours) 
24 
48 
72 
96 
120 
144 
168 
196 
216 
240 
Weight of the film 
(g) 
Initial 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
After polymerization 
of aniline 
0.5110 
0.5176 
0.5218 
0.5242 
0.5335 
0.5441 
0.5505 
0.5534 
0.5573 
0.5644 
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Figure-4.1. Increase in the poiyaniline contents in polyaniline:polyethyIeneterephthaIate 
(PAN1:PET) composites with respect to the time of soaking. 
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the film from very light green to very dark green i.e. almost black with 
increasing time period confirms the increase in polyaniline concentration. 
Controlling the doping process the electrical conductivity of these materials 
could be varied from insulator, through semiconductor to metal range. 
Schollhom and Zagefka [15] have suggested a redox reaction for ammonia or 
amine intercalation into layered metal chalcogenides, which has further been 
supported by the work of Foot and Shaker [16]. On the basis of the 
disproportionation reaction of ammonia as suggested by above workers 
(equation-4.1), Mohammad [17] also has suggested an analogous 
disproportionation reaction for water (equation-4.2). 
8NH3-^ 6NH4^ + 6e- + N2 .... 4.1 
6H2O ^ 4H30^+ 4e' + O2 .... 4.2 
The basic strength of water is very low, hence does not act as undoping 
agent in case of polyaniline, however, the neutralization reactions to undope 
polyaniline within polyaniline.polyethyleneterephthalate composite fikn by 
ammonia mat be suggested as (equation-4.3)-
[PANICPET)]"^ (n CI') + n NH4^ + n e" ^ [PANI(PET)] + n NH4CI 4.3 
4.2.2. Characterization 
4.2.2.1. FTIR studies 
The FTIR spectra of polyanilie (PANT), polyethyleneterephthalate 75|i 
fikn (PET75) and polyaniline:polyethyleneterephthalate-75 (PANI:PET75) 
composites are shown in figure-4.2 and the spectral peak positions are 
presented as tabulated form in table-4.4. 
The FTIR spectra of polyanilie (PANI), polyethyleneterephthalate 100^ film 
(PETIOO) and polyanilme:polyethyleneterephthalate-100 (PANI:PET100) 
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Figure-4.2. FTIR spectra of polyaniline:poIyethyleneterephthalate-75 (PANI:PET75) composites-
(a) PANI:PET75-1, (b) PANI:PET75-2, (c) PANI:PET75-3, (d) PANI.PET75-4, 
(e) PANI:PET75-5, (0 PANI:PET75-6, (g) PANI.PET75-7, (h) PANI:PET75-8, 
(i) PANI:PET75-9, (j) PAN1:PET75-10, (k) PET75 and (I) PANl. 
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composites are shown in figure-4.3 and the spectral peak positions arew 
presented as tabulated form in table-4.5. 
The FTIR spectra of polyanilie (PANI), polyethyleneterephthalate 125 p. 
film (PET125) andpolyanihne:polyethyleneterephthalate-125 (PANI:PET125) 
composites are shown in figure-4.4 and the spectral peak positions are 
presented as tabulated form in table-4.6. 
The band corresponding to out of plane bending vibration of C-H bond 
of p-disubstituted benzene rings appears at 824 cm'\ The bands corresponding 
to stretching vibrations of N-B-N and N=Q=N structures appear at 1497 cm"^  
and 1587 cm'^  respectively where -B- and =Q= stand for benzenoid and 
quinoid moieties in the polymer. The bands corresponding to vibration mode 
of N=Q=N ring and stretching mode of C-N bond appear at 1143 cm"' and 
1302 cm"\ The FTIR spectrum supports the presence of benzenoid as well as 
quinoid moieties in the PANI. 
The characteristic band for C=0 group of the ester linkage appears at 
1722 cm'\ The bands at 1102 cm"' and at 1262 cm"' respectively for the 0-C-C 
and C-C(==0)-0 group in the polyethyleneterephthalate. The band corresponds 
to the CH stretching of the aromatic ring of polyethyleneterephthalate appears 
at 3432 cm"'[18-20] 
As evident form figures, all the characteristic peaks of the polyaniline 
and polyethyleneterephthalate are found in the FTIR spectra of the 
polyaniline:polyethyleneterephthalate (PANI:PET) composites. 
4.2.2.2. SEM studies 
Figure-4.5 represents the SEM photographs of polyaniline (PANI) and 
polyethyleneterephthalate (PET) films (75^ 1, lOO^ i and 125^). The SEM 
photographs of polyaniline:polyethyleneterephthalate-75 (PANI:PET75) 
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rigure-4.4. FTIR spectra of polyaniline:polyethyleneterephthaIate-125 (PANI:PET125) composites-
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Figure-4.4. Continued. 
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Figure-4.4. Continued. 
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(a) PANI 
(b) PET75 
Figure-4.5. SEM photographs of (a) polyaniline (PANI), (b) PET (75^) film, 
(c) PET (100^) fibn and (d) PET (125^) film. 
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(c) PETIOO 
(d) PET125 
Figure-4.5. Continued.. 
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composites, polyanilme:polyethyleneterephthalate-100 (PANI:PET100) 
composites, and polyaniline:polyethyleneterephthalate-125 (PANI:PET125) 
composites are presented in the figure-4.6, figure-4.7 and in figure-4.8 
respectively. The formation of homogeneous composites of polyaniline in the 
surface of tlie polyetliyleneterephthalate (PET) films is visible in tlie figures. A 
gradual increase in polyaniline content is also observed with the increase in the 
shocking time. 
4.2.2.3. Electrical properties 
The polyaniline :polyethyleneterephthalate (PANTPET) composites were 
observed to show the enhanced electrical conductivity on exposure to HCl, due 
to the involvement of charge-transfer reaction between polyaniline and doping 
agents [20-21]. 
[PANICPET)] + n HCl •> [PANICPETf'Cn Cf) 4.5 
The electrical conductivity of the composite films were measured from 
35°C up to 130°C and found in the semiconducting region presented in table-
4.7, table-4.8 and table-4.9 respectively for 
polyaniline:polyetliyleneterephthalate-75 (PAN1:PET75), polyaniline:polyethy-
leneterephthalate-100 (PANLPETIOO) and polyaniline:polyethylene-
terephthalate-125 (PANI:PET125) composites. All the samples in principle 
follow Arrhenius equation for temperature dependence of electrical 
conductivity up to ~115°C after that a deviation from the straight line in the 
electrical conductivity is observed from the figure-4.9, figure-4.10 and figure-
4.11 respectively for the polyaniline:polyethyleneterephthalate-75 
(PANI:PET75), polyaniline:polyethyleneterephthalate-100 (PAN1:PET100) 
and polyaniline:polyethyleneterephthalate-125 (PANI:PET125) composites. 
This deviation of the electrical conductivity may be attributed to the loss of 
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(a) PANI:PET75-1 
(b) PANI:PET75-3 
Figure-4.6. SEM photographs of polyaniline:polyethy]eneterepthalate-75 
(PANI;PET75) composites- (a) PANI:PET75-1, (b) PANI:PET75-3, 
(c) PANI:PET75-5, (d) PANDPET75-7 and (e) PANI:PET75-S. 
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Figure-4.6. Continued... 
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Figure-4.6. Continued... 
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(a) PANI:PET100-1 
(b) PANI:PET100-3 
Figure-4.7. SEM photographs of polyamlinerpolyethyleneterepthalale-lOO 
(PANI:PET100) composites- (a) PANI:PET100-1, (b) PANI:PET100-3, 
(c) PANI:PET100-5, (d) PANl:PET100-7 and (e) PANI:PET100-9. 
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(c) PANI:PET100-5 
(d) PANI:PET100-7 
Figure-4.7. Continued.. 
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(e) PANI:PET100-9 
Figure-4.7. Continued. 
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(a) PANI:rET125-l 
(b) PAM:PET125-3 
Figure-4.8. SEM photographs of polyaMiline;polyethyleneterepthaIate-125 
(PANI:PET125) composites- (a) PANI:PET125-1, (b) PANI:PET125-3, 
(c) PANI:PET125-5, (d) ?Ayi:PET125-7 and (e) PANI:PET125-9. 
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(c)PANI:PET125-5 
(d)PAm:PET125-7 
Figure-4.8. Continued. 
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Figure-4,8. Continued. 
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Figure-4.9. Temperature dependence of DC electrical conductivity of 
polyaniline:polyethyleneterephthalate-75(PANI:PET75) 
composites- (a) PANI:PET75-I, (b) PANI:PET75-2, 
(c) PANI:PET75-3, (d) PANI:PET75-4, (e) PANI:PET75-5, 
(f) PANI:PET75-6, (g) PANI:PET75-7, (h) PANI:PET75-8, 
(i) PANI:PET75-9 and (j) PANI:PET75-10. 
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Figure-4.9. Continued. 
(d) PANI:PET75-4 
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Figure-4.9. Continued... 
(f) PANI:PET75-6 
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Figure-4.9. Continued... 
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Figure-4.9. Continued. 
(j) PANI:PET75-10 
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Figure-4.10. Temperature dependence of DC electrical conductivity of 
polyaniline:polyethylenetereplithalate-100(PANI:PET100) 
composites- (a) PANI:PET100-1, (b) PANI:PET 100-2, 
(c) PANI:PET]00-3, (d) PANl:PETI00-4, (e) PANI:PET100-5, 
(f) PANI:PET100-6, (g) PANI:PET100-7, (h) PANI:PET100-8, 
(i) PANI:PET100-9 and (j) PAN1:PET100-10. 
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Figure-4.10. Continued. 
146 
T(K)/1000 
-4.7 
§ -4,8 
> 
'J 
o 
3 
•D 
C o 
o O) -4,9 
o 
2.4 2.6 
V ^ o 
2.8 
(e) PANI:PET100-5 
T (K)/1000 
3.2 3,4 
-4,5 
(f) PANI:PET100-6 
Figure-4.10. Continued... 
147 
T(K)/1000 
-4.58 
-4.6 
o -4.62 
3 
•D C 
o u 
O) -4 66 o 
- I 
-4.68 
-4.7 
2.4 2.6 2.8 3.2 3.4 
(g) PANl:PET100-7 
T(K)/1000 
-4,4 
- . -4.5 
'E 
o 
•i • « 
3 
T3 
C 
o 
u 
D) 
O 
-^  -4.7 ^ 
2.4 
-4.8 
Figure-4.10. Continued. 
(h) PANI:PET100-8 
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Figure-4.11. Temperature dependence of DC electrical conductivity of 
polyaniline:polyethyleneterephthaIate-125(PANI:PET125) 
composites- (a) PAN1:PET125-1, (b) PANl:PET125-2, 
(c) PANI:PET125-3, (d) PANI:PET125-4, (e) PANI:PET125-5, 
(f) PANI:PET125-6, (g) PANI:PET125-7, (h) PANI:PET125-8, 
(i) PANI:PET125-9 and (j) PANI:PET125-10. 
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dopant and chemical reaction of dopant with the polymer or may be a 
semiconductor to metal transition. 
4.2.2.4. TGA studies 
In presence of atmospheric oxygen, the polymers containing low 
dissociation energy bonds are the most susceptible to oxygen attack whereas 
polymers containing phenyl group, C-F, fused rings etc. are expected to show 
higher oxidative stability' at elevated temperatures. Another reason for lower 
thermal stability of polymers than usually expected is due to the accidental 
inclusion of weak linkages in the main chain. While the presence of aromatic 
moieties in polyaniline will impart a better oxidative stability, the presence of 
C-N linkages will make it susceptible to oxygen attack. The doped polyaniline, 
like other p-type doped conductive polymers, would be expected to be stable to 
oxygen but will be susceptible to the reaction with strong doping agents. The 
presence of hydrogen bonding does cause stiffness in polyamides and raised 
melting temperature hence a better thermal stability. Its environmental 
stability towards acids, alkalies, light and water is also fairly good probably 
due to hydrogen bonding although the amide groups present in the backbone 
are susceptible to attack degradants [22-26]. 
The thermogravemetric analysis of undoped polyaniline (PANI) and 
polyethyleneterephthalate (PET) fikns (75 |i, 100|i and 125 \i) are presented in 
table-4.10 and the thermogram shown in figure-4.12. Whereas in table-4.11, 
table-4.12 and table-4.13 represents the TGA analysis of the polyaniline;poly-
ethyleneterephthalate-75 (PANI:PET75), polyaniline:polyethylene-
terephthalate-100 (PANI:PETIOO) and polyaniline:polyethyleneterephthalate-
125 (PANI:PET125) composites respectively. 
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Table-4.10. DTA and TGA studies of polyaniline (PANI), polyethyleneterephthalate 
(PET) films. 
Sample 
ID 
< 
CL. 
0. -
cu — 
DTA 
Peak temp. (*C) 
512 
250 
515 
539 
249 
541 
254 
450 
522 
Comment 
Exo 
Endo 
Exo 
Exo 
Endo 
Exo 
Endo 
Exo 
Exo 
TGA 
Temperature range (*C) 
0-92 
92-275 
275-475 
475-658 
0-346 
346-458 
458-540 
0-334 
334-465 
465-544 
0-333 
333460 
460-535 
% wL Lose 
4.42 
2.25 
44.53 
48.77 
1.3 
80.1 
16.8 
0.84 
81.57 
16.63 
1.51 
81.62 
15.89 
Table-4.11. DTA and TGA studies of polyaniline:polyethyleneterephthalate-75 
(PANI:PET75) composites. 
Sample 
ED 
5 f- -" 
§ H f^  
ft.£ 
5 H >n 
5 H I-
1 
5 f- =^  
(^  a. 
DTA 
Peak temp. (*C) 
249 
449 
505 
545 
251 
551 
249 
549 
251 
555 
251 
555 
Comment 
Endo 
Exo 
Exo 
Exo 
Endo 
Exo 
Endo 
Exo 
Endo 
Exo 
Endo 
Exo 
TGA 
Temperature range (*Q 
0-100 
100-362 
362-450 
450-560 
0-149 
149-366 
366-460 
460-560 
0-140 
140-375 
375-454 
454-560 
0-141 
233-370 
370-452 
455-560 
0-134 
134-357 
357-455 
455-560 
% w t Lose 
1.7 
2.3 
75.4 
18.5 
0.7 
4.6 
73.3 
20.4 
2.5 
4.5 
70.1 
22.1 
0.9 
6.6 
68.7 
22.0 
1.0 
6.0 
69.3 
23.1 
Endo- Endothermic peak; Exo-exothermic peak 
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Figure-4.12. TGA and DTA of (a) polyaniline (PANI), (b) PET 75^ film, 
(c) PET 100 n film and (d) PET 125^ film 
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Table-4.12. DTA and TGA studies of polyaniline:polyethyleneterephthalate-100 
(PANIrPETlOO) composites. 
Sample 
ro 
.. o 
5 H V 
< t3 o 
0- CU 
•< w = 
ft< BL, 
Z H "C 
•< U c 
a- T 
? W o 
OH b . 
DTA 
Peak temp. CQ 
251 
553 
250 
545 
251 
548 
249 
397 
448 
520 
248 
458 
536 
Comment 
Endo 
Exo 
Endo 
Exo 
Endo 
Exo 
Endo 
Exo 
Exo 
Exo 
Endo 
Exo 
Exo 
TGA 
Temperature range (*C) 
0-99 
99-344 
344-455 
459-540 
0-140 
140-350 
350-450 
450-535 
0-137 
137-359 
359-455 
455-535 
0-130 
130-350 
350-455 
455-541 
0-135 
135-344 
344-459 
459-550 
% wt Lose 
1.4 
1.1 
78.2 
16.3 
1.2 
2.8 
78.2 
17.3 
0.05 
1.1 
76.6 
17.6 
0.74 
1.88 
79.05 
17.77 
2.1 
4.2 
72.91 
19.63 
Table-4.13. DTA and TGA studies of poIyaniline:polyethyleneterephthalate-125 
(PANI:PET125) composites. 
Sampk 
ID 
Z H T 
<< w « 
0 . OL, 
< w « 
0. 0. 
Z H T 
Z H »> 
-< W >n 
CL. BH 
DTA 
Peak temp. fC) 
250 
457 
540 
247 
458 
540 
252 
462 
536 
252 
453 
531 
253 
455 
545 
Comment 
Endo 
Exo 
Exo 
Endo 
E.xo 
Exo 
Endo 
Exo 
Exo 
Endo 
E.xo 
Exo 
Endo 
Exo 
Exo 
TGA 
Temperature range (*Q 
0-100 
100-342 
342-467 
467-550 
0-108 
108-346 
346-455 
459-565 
0-132 
132-355 
355-460 
460-545 
0-140 
140-353 
353^45 
445-540 
0-137 
137-368 
368-456 
456-525 
% wt Lose 
0.83 
1.4 
81.2 
16.06 
0.6 
2.4 
79.5 
17.1 
0.44 
4.3 
75.35 
18.38 
1.04 
5.98 
74.3 
17.18 
1.24 
7.0 
71.76 
18.8 
Endo- Endothermic peak; Exo-exothermic peak 
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The thermogram of polyanihne:polyethyleneterephthalate-75 
(PANI:PET75), polyaniHne:polyethylene-terephthalate-100(PANI:PET100) 
and polyaniHne:polyethyleneterephthalate-125 (PANI:PET125) composites are 
shown in figure-4.13, figure-4-14 and in figure-4.15 respectively. 
In the TGA of polyanihne, the initial weight loss of around 4% by lOCC 
is due to the removal of moisture present in the polymer. There is extremely 
little weight loss (2.25%) up to 275°C, which strongly suggests that the 
material is thermally stable up to 275T under oxidative conditions. The 
thermo-oxidative degradation starts beyond this temperature accompanied with 
a massive weight loss in the polymer as shown in figure. A strong exothermic 
peak in DTA at 512°C corresponds to this degradation. 
In the three polyethyleneterephthalate (PET) films the initial weight loss 
of around -1.0 % up to 333°C may be attributed to the loss of moisture or other 
volatile materials. The fikns are stable up to 340°C. Then the TGA curve 
shows a massive weight loss on further heating, this also supported by the 
exothermic peaks for DTA. The weight loss is due to thermo-oxidative 
degrardation of the polyethyleneterephthalate (PET). One small endothermic 
peak for DTA appears around 250°C due to the melting of the polymer. 
In polyaniline:polyethyleneterephthalate-75 (PANI:PET75) composite 
fihns the initial weight loss of 0.7 to 1.7% weight loss up to 140°C may be 
attributed to the removal of moisture or other volatile materials. A small 
endothermic DTA peak appears around 250°C may be due to the melting of 
polyethyleneterephthalate (PET). Then a two-step weight loss is observed on 
further heating this is due to the thermo-oxidative degradation of the polymers. 
The last step may be associated with the oxidative degradation exclusively for 
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(a) PANI:PET75-1, (b) PANI:PET75-3, (c) PANI:PET75..5, 
(d) PANI:PET75-7 and (e) PANI:PET75-9. 
161 
900.0 
800.0 
700.0 
o 6000 
e 5000 
400.0 
300.0 
200.0 
100-0 
0.0 
< 
a 
10.00 20.00 30.00 40.00 50.00 60.00 70-00 80.00 
Time min-
(c) PANI:PET75-5 
1000 
900 
800 
700 
600 
500 
400 
300 
200 
100 
0 
|-
-
-
- > 
E 
< 
Q 
1.200 
1.000 
0800 
0.600 
0.400 
0.200 
0.000 
10.00 20.00 30.00 40.00 50.00 50.00 70.00 80,00 
Time m i n . 
(d) PANI:PET75-7 
Figure-4.13. Continued... 
162 
900.0 
8 00.0 
700.0 
600.0 
o 500.0 
Q." 
i 400.0 
I-
300.0 
2 00.0 
100.0 
0.0 
600.0 
500.0 
400.0 
> 
< 300.0 
t— 
o 
200.0 
100.0 
0.0 
- ' • 
r 1 1 
\ TGA 
^ ^ \ DTA 
I t 1 1 t 
-
-
-
120.0 
100.0 
80.0 
60.0 
40.0 
2 0.0 
0.0 
-2 0.0 
-40.0 
S? 
o 
10.00 20.00 30.00 40.00 50.00 50.00 70.00 80.00 
Time min. 
(e) PANI:PET75-9 
Figure-4.13. Continued. 
163 
E 
of 
t— 
900.0 
8 00.0 
7 00.0 
600.0 
500.0 
400.0 
300.0 
200.0 
100.0 
0.0 
-
~ 
-
-
-
> 
< 
o 
1.400 
1.200 
1.000 
0.800 
0.600 
O.WO 
0.200 
0.000 
10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 
Time min. 
(a) PANI:PET100-1 
900.0 r 
800.0 
700.0 
_ 500.0 
o: 500.0 
E 
<- 400.0 
300.0 
200.0 
100.0 
-
-
0.0 l-
800.0 
700.0 
600.0 
> 500.0 
< 
:- 400-0 
300.0 
200.0 
100.0 
0.0 
— /_ 
I ^ „^>^ ~ 
N ^^ X^  
\ y^ 
\ / 
\ y"^ 
\ y ^ 
\<i ~ 
yy^~~\ TGA 
y^ 
X 1 
y^ 1 y^ n 
X J \ DTA 
•y^^. ' ^ , , 1 i 1 1 '-
m n n 20.00 30.00 40.00 50.00 bU.UU /U.0 80.0 
120-0 
100.0 
80-0 
60.0 
4 0. 0 s? 
o 
20-0 y-
0.0 
-20.0 
-40.0 
-60.0 
-80.0 
Time min. 
(b) PANI:PET100-3 
Figure-4.14. TGA and DTA of polyanilinerpolyethyleneterephthalate composites-
(a) PANI:PET100-1, (b) PANI:PET100-3, (c) PANl:PET100-5, 
(d) PANI:PET100-7 and (e) PANI:PET100-9. 
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Figure-4.15. TGA and DTA of polyanilinerpolyethyleneterephthalate composites-
(a) PANI:PET125-1, (b) PANI:PET125-3, (c) PANI:PET125-5, 
(d) PANI:PET125-7 and (e) PANI:PET 125-9. 
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polyaniline, because the weight loss % in tliis step increases gradually with the 
increase in polyaniline content in the composites. 
In polyaniline:polyethyleneterephthalate-100 (PANLPETIOO) composite 
fikns 1.1% to 2.3% weight loss up to 130°C is due to the removal of moisture 
or other volatile material present in the composites. A small endothermic DTA 
peak appears around 250^ C for the melting of the polyethyleneterephthalate 
(PET). Then a two-step weight loss is observed. The TGA shows a massive 
weight loss in the first step, which is supported by the exothermic peak for 
DTA. This is due to the oxidative degradation of the composites. The last step 
may be associated with the oxidative degradation exclusively for polyaniline, 
because the weight loss percentage in this step increases gradually with the 
increase in polyaniline content in the composites. 
In polyaniline:polyethyleneterephthalate-125 (PANI:PET125) composite 
fihns 0.6% to 1.4% weight loss up to 135°C is due to the removal of moisture. 
Or other volatile materials present in the polymer. A small endothermic DTA 
peak appears around 250°C for the melting of the polyethyleneterephthalate 
(PET). Then again a two-step weight loss is observed in this composites. The 
TGA curve indicates a massive weight loss in the first step, which is fiirther 
supported by the exothermic peak for DTA. The last step may be associated 
with the oxidative degradation exclusively for polyaniline, because the weight 
loss percentage in this step increases gradually with the increase in polyaniline 
content in the composites [22-29] 
4.2.2.5. Stability in terms of DC electrical conductivity 
Sample one, three, five, seven and nine form each family of the 
composites has been selected to study the stability of electrical conductivity 
under isothermal condition at SOT, 70°C, 90°C, HOT and 130T. The 
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temperature of the composite films was maintained at the temperature of study 
and the DC electrical conductivity was measured at an interval of 15 min in an 
accelerated ageing experiment. The DC electrical conductivity was measured 
with respect to the time of accelerated ageing is presented in table-4.14, table-
4.15 and table-4.16 respectively for polyaniline:polyethyleneterephthalate-75 
(PANI:PET75), polyaniline:polyethyleneterephthalate-100 (PANI:PET100) 
andpolyaniline:polyethyleneterephthalate-125 (PANI:PET125) composites. It 
has been observed that the electrical conductivity is more or less stable at 50°C, 
70°C and 90°C that supports the fact that the composites are sufficiently stable 
under ambient temperature in terms of DC electrical conductivity retention. 
The electrical conductivyt decreases with time at 110°C and 130°C may be 
attributed to the loss of dopant and the chemical reaction of dopant with 
polymer. 
Three composites, PANI:PER75-9, PARI:PET100-9 and PANI:PET125-
9 have been selected to test the stability in terms of the electrical conductivity 
retention by cyclic technique as explained in experimental. In case of 
PANI:PER75-9 the electrical conductivity decrease gradually up to cycle-5, the 
data is presented in table-4.17 and the Arrhenius plots of the study are 
presented in figure-4.16. The decrease in electrical conductivit}' may be due to 
the loss of dopants and the chemical reaction of dopants with polymer. In 
PARI:PET100-9 the electrical conductivity decreases gradually but in second 
cycle a slight increase in electrical conductivity is observed. The data is 
presented in table-4.18 and the Arrhenius plots of the study are presented in 
figure-4.17. The increase may be due to the annealing and then decrease in 
electrical conductivity may be due to the loss of dopants and the chemical 
reaction of dopants with polymer. And in case of PANI:PETl25-9 composite 
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TabIe-4.14. Stability of DC electrical conductivity of polyanilinerpolyethyleneterephthlate-
75 (PANI:PET75) composites (under isothermal conditions). 
Temp. 
CO 
50 
70 
90 
110 
130 
Time 
(min) 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
DC Electrical Conductivity (Scm"') 
PANI: 
PET75-1 
xlO''' 
0.5661 
0.5887 
0.6660 
0.6926 
0.8658 
0.5870 
0.5791 
0.5887 
0.6278 
0.6878 
1.7950 
1.8992 
1.7453 
1.8870 
2.025 
1.6268 
1.1355 
0.5138 
0.4710 
0.4786 
1.1384 
0.7746 
0.7452 
0.4989 
0.3234 
PANI: 
PET75-3 
xlO-^ 
3.9183 
3.8526 
3.9335 
4.3250 
4.5402 
3.4996 
3.6946 
3.7984 
4.2054 
4.3230 
7.3820 
5.1634 
4.6794 
4.8362 
4.3689 
7.5067 
4.4157 
4.0405 
4.1278 
3.6194 
6.3383 
3.0793 
2.4827 
2.3868 
2.1588 
PANI: 
PET75-5 
xlO"* 
0.9221 
0.9444 
0.9524 
0.9289 
0.9366 
0.9002 
0.9469 
0.8997 
0.9894 
1.0761 
1.0002 
0.8438 
0.7841 
0.6908 
0.6015 
1.6870 
0.7099 
0.6282 
0.5001 
0.3873 
1.2531 
0.4275 
0.4051 
0.3937 
0.3463 
PANI: 
PET75-7 
xlO"* 
1.6526 
1.8951 
1.7143 
1.2952 
1.6705 
1.0765 
1.1550 
1.2893 
1.5052 
1.6391 
1.6537 
1.6658 
1.6280 
1.7290 
1.7717 
1.8655 
1.0151 
0.7463 
0.6868 
0.5386 
1.6681 
0.6054 
0.5244 
0.4764 
0.3623 
PANI: 
PET75-9 
xlO"^ 
0.9985 
1.0466 
1.1097 
1.1775 
1.3853 
1.8161 
1.9844 
2.0238 
2.0891 
2.1409 
1.7426 
1.8814 
2.0160 
1.7152 
1.8125 
2.2316 
0.8765 
0.6512 
0.5451 
0.5098 
1.4039 
0.6004 
0.6233 
0.5975 
0.4693 
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Table-4.15. Stability of DC electrical conductivity of polyanilinerpolyethyleneterephthalate-
100 (PANIrPETlOO) composites (under isothermal conditions). 
Temp. 
CO 
50 
70 
90 
no 
130 
Time 
(min) 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
DC Electrical Conductivity a (Scm"') 
PANT: 
PElOO-1 
xlQ-^ 
0.5485 
0.5371 
0.5512 
0.5533 
0.5683 
0.6899 
0.7065 
0.6878 
0.7009 
0.7347 
0.8279 
0.7666 
0.7765 
0.7630 
0.7765 
1.0770 
0.7913 
0.7351 
0.4688 
0.3053 
1.0024 
0.7774 
0.7215 
0.46093 
0.2477 
PANI: 
PETlOO-3 
xlO"^ 
4.6754 
5.1894 
5.1454 
5.3970 
5.7144 
7.5698 
8.0355 
8.3540 
8.2721 
8.5861 
10.854 
9.3871 
8.1699 
8.3662 
7.1582 
12.018 
9.1332 
7.8786 
5.9731 
4.7749 
11.182 
7.5414 
6.8045 
5.5322 
4.8805 
PANI: 
PETlOO-5 
xlQ-^ 
1.0888 
1.1654 
1.2819 
1.3751 
1.6287 
1.3169 
1.5445 
1.4380 
1.6024 
1.7129 
1.5344 
1.2225 
1.1408 
0.9599 
0.7885 
1.6201 
1.1429 
0.8279 
0.7746 
0.6422 
1.4092 
0.8658 
0.7329 
0.6953 
0.6159 
PANI: 
PETlOO-7 
xlQ-^ 
1.7901 
1.8378 
1.8838 
1.8774 
1.9099 
2.1175 
2.4605 
2.0341 
2.2839 
2.7313 
2.5205 
2.1391 
2.0555 
1.5388 
1.7696 
2.5873 
2.1438 
1.3035 
1.0864 
0.7156 
2.4195 
1.2987 
0.9231 
0.6959 
0.5017 
PANI: 
PETlOO-9 
xlQ-^ 
4.6046 
4.4826 
4.0527 
4.3253 
4.4962 
6.8659 
6.6235 
7.2111 
7.2292 
7.2891 
7.6827 
9.3058 
9.6981 
8.1466 
8.3119 
10.402 
8.0137 
7.4590 
6.7312 
6.0019 
10.236 
7.2971 
4.0236 
3.6090 
2.7835 
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Table-4.16. Stability of DC electrical conductivity of polyaniline:polyethyleneterephthlate-
125 (PANI:PET125) composites (under isothermal conditions). 
Temp. 
rc) 
50 
70 
90 
110 
130 
Time 
(min) 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
DC Electrical Conductivity a (Scm"') 
PANI: 
PE125-1 
xlO-^ 
4.0865 
3.7882 
3.9034 
4.0957 
4.1498 
4.4435 
4.5952 
4.6557 
4.7899 
4.8038 
5.5819 
5.9442 
4.7997 
4.6754 
4.9456 
7.3595 
6.3071 
5.5693 
4.9871 
3.6522 
6.9402 
5.4853 
3.4344 
2.7835 
2.1752 
PANI: 
PET125-3 
xlO'^ 
0.6773 
0.7227 
0.7408 
0.7508 
0.7732 
0.8577 
0.9693 
1.0190 
1.0130 
1.0888 
1.1163 
1.0612 
1.1265 
1.1664 
1.4448 
1.4211 
1.1902 
0.9651 
0.8371 
0.6926 
1.3957 
0.9700 
0.8044 
0.5707 
0.4661 
PANI: 
PET125-5 
xlO-^ 
1.3863 
1.3957 
1.4424 
1.5050 
1.5576 
1.9062 
1.9708 
2.0250 
1.9768 
2.1588 
2.7310 
2.6154 
2.6563 
2.4486 
2.1104 
2.8798 
2.3887 
1.9416 
1.4910 
1.0359 
2.4306 
1.4227 
1.0513 
0.8608 
0.6278 
PANI: 
PET125-7 
xlO-^ 
1.5438 
1.6014 
1.6566 
1.7356 
1.8007 
1.9792 
1.9285 
2.0575 
2.1339 
2.1785 
2.3009 
2.3214 
2.1917 
2.0438 
2.0248 
2.5232 
2.1491 
1.8323 
1.3225 
0.9766 
2.4612 
1.7468 
0.9686 
0.7613 
0.6090 
PANI: 
PET125-9 
xlO-^ 
3.0619 
3.1994 
3.3393 
3.4360 
3.5859 
4.2858 
4.4579 
4.6911 
4.0788 
4.6189 
4.7000 
4.4756 
4.7789 
5.2195 
5.2901 
5.1877 
4.3885 
3.9214 
3.4853 
3.1251 
5.1375 
4.2405 
3.3457 
2.9058 
1.8903 
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Table-4.17. Stability of DC electrical conductivity of PANI:PET75-9 composite 
(cyclic technique). 
Temperature 
rc) 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
D C Electrical conductivity a (Scm'^) 
Cycle-l 
xlO^ 
1.2740 
1.3165 
1.3580 
1.4063 
1.4494 
1.4951 
1.5388 
1.5746 
1.6012 
1.6175 
1.6456 
1.6688 
1.6926 
1.7110 
1.7234 
1.7360 
1.7297 
1.7048 
1.6630 
1.5958 
Cycle-2 
xlO-^ 
1.1225 
1.1559 
1.2029 
1.2472 
1.2879 
1.3276 
1.3541 
1.4022 
1.4362 
1.4673 
1.4904 
1.5190 
1.5388 
1.5590 
1.5746 
1.5958 
1.6012 
1.5693 
1.5190 
1.4190 
Cycle-3 
xlO"" 
0.6564 
0.6790 
0.7095 
0.7382 
0.7744 
0.8060 
0.8373 
0.8680 
0.8959 
0.9238 
0.9498 
0.9752 
1.0020 
1.0258 
1.0485 
1.0674 
1.0845 
1.0971 
1.0870 
1.0555 
Cycle-4 
xlO"^ 
0.4968 
0.5237 
0.5466 
0.5822 
0.6060 
0.6396 
0.6656 
0.7021 
0.7302 
0.7656 
0.7938 
0.8285 
0.8586 
0.8942 
0.9203 
0.9555 
0.9792 
0.9957 
1.0084 
1.0041 
r Cycle-5 
xlO-^ 
3.3330 
3.4926 
3.7027 
3.9169 
4.0787 
4.3008 
4.5528 
4.8166 
5.0636 
5.3134 
5.4666 
5.6289 
5.8225 
6.0608 
6.3109 
6.5193 
6.7227 
6.8989 
7.0319 
7.1378 
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TabIe-4.18. Stability of DC electrical conductivity of PANI:PET100-9 composite 
(cyclic technique). 
Temperature 
(T) 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
DC Electrical conductivity a (Scm'*) 
Cycle-1 
xlO"^ 
4.7143 
4.9246 
5.1746 
5.3632 
5.6371 
5.8615 
6.1046 
6.3996 
6.6905 
7.0090 
7.3188 
7.5698 
7.8852 
8.1271 
8.3843 
8.6020 
8.7729 
8.9508 
9.0116 
8.9508 
Cycle-2 
xlO"^ 
6.3996 
6.7244 
7.0090 
7.3188 
7.6133 
7.8852 
8.2280 
8.5465 
8.8314 
9.1994 
9.4622 
9.8127 
10.112 
10.430 
10.683 
10.858 
11.039 
11.132 
11.132 
10.858 
Cycle-3 
x l O ^ 
4.0782 
4.4005 
4.8347 
4.9246 
5.0755 
5.2568 
5.4515 
5.6132 
5.7347 
5.8615 
5.9942 
6.0489 
6.1614 
6.2486 
6.3696 
6.4306 
6.4937 
6.3383 
6.0214 
5.6132 
Cycle-4 
xlO"^ 
3.9309 
4.0886 
4.2871 
4.4603 
4.6809 
4.9063 
5.1345 
5.3632 
5.6371 
5.8876 
6.1329 
6.3688 
6.6568 
6.9722 
7.2389 
7.4422 
7.6573 
7.8385 
7.9802 
8.0775 
Cycle-5 
x l O ^ 
3.7634 
3.9309 
4.0635 
4.2323 
4.3864 
4.5838 
4.7311 
4.8882 
5.0561 
5.2360 
5.4070 
5.5660 
5.7099 
6.0489 
6.1614 
6.3081 
6.3969 
6.4937 
6.5257 
6.5257 
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the electrical conductivity is also decreases gradually towards cylie-5as evident 
form table-4.19 and the Arrhenius plots of the study are presented in figure-
4.18. The decrease in electrical conductivity may be due to the loss of dopants 
and the chemical reaction of dopants with polymer. 
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Table-4.19. Stability of DC electrical conductivity of PANI:PET125-9 composite 
(cyclic technique). 
Temperature 
ro 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
D C Electrical conductivity a (Scm'^) 
Cycle-1 
xlO"^ 
3.2520 
3.3549 
3.4982 
3.6249 
3.7533 
3.8911 
4.0125 
4.1511 
4.2591 
4.3517 
4.4374 
4.5040 
4.5380 
4.5726 
4.5842 
4.6195 
4.6433 
4.6433 
4.5266 
4.3835 
Cycle-2 
xlO^ 
3.0432 
3.1169 
3.2345 
3.3178 
3.3992 
3.4847 
3.5605 
3.6322 
3.7455 
3.8414 
4.0125 
4.1416 
4.2793 
4.4157 
4.6077 
4.6917 
4.8043 
4.7286 
4.5380 
4.2793 
Cycle-3 
xlO"^ 
2.8327 
2.8872 
2.9583 
3.0177 
3.0902 
3.1607 
3.2287 
3.2936 
3.3675 
3.4316 
3.4915 
3.5464 
3.6470 
3.7070 
3.7455 
3.7769 
3.8332 
3.8661 
3.8996 
3.9422 
CycIe-4 
xlO^ 
2.7338 
2.8106 
2.8779 
2.9390 
2.9927 
3.0587 
3.1062 
3.1551 
3.2057 
3.2579 
3.3057 
3.3487 
3.3865 
3.4316 
3.4713 
3.5256 
3.5605 
3.5960 
3.6177 
3.6618 
Cycle-5 
xlO^ 
2.6148 
2.6572 
2.6930 
2.7463 
2.7802 
2.8597 
2.9438 
3.0127 
3.0744 
3.1441 
3.2057 
3.2697 
3.3301 
3.3801 
3.4382 
3.4847 
3.5256 
3.5534 
3.5675 
3.5817 
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CHAPTER-5 
Chapter-5 
Polyaniline:polyacrylonitrile (PANI:PAN) composites 
5.1. Introduction 
The dipolar interactions (~ 36 Umol" )^, between the side -CN groups in 
the polyacrylonitrile (PAN) backbone which is significantly stronger than 
hydrogen bonding and van der Waals forces, improves the molecular alignment 
immensely. This interaction stabilizes orientation during fiber manufacture 
and enhances the fiber forming potential of polyacrylonitrile (PAN). The 
melting temperature is also increased due to this dipolar interaction. The 
molecule that can interact with the highly polar -CN groups of poly-
acrylonitrile (PAN) can dissolve this polymer and hence it is soluble in 
tetrahydofuran (THF), dimethyl formamide (DMF) and tetradimethylene 
sulfone (TDMS). Besides as fibers, it is also available as films, sheets and 
rods. It has excellent tensile strength, excellent optical clarity and low water 
absorption [1-6]. 
On the other hand, the conducting constituent of the composite, poly-
aniline (PANI) also occupies a high place among intrinsically conducting 
polymers because of its ease of preparation, good environmental stability and 
moderately good electrical conductivity upon protonic acid doping [7-15]. 
This chapter deals with the preparation and characterization of 
composite films based on polyaniline (PANI) and polyacrylonitrile (PAN). 
5.2. Results and discussion 
5.2.1. Preparation of composites 
The method of fibn casting Irom the solution of the polyacrylonitrile 
(PAN) in tetrahydrofuran (THF) mixed with different quantities of aniline 
184 
followed by polymerization of aniline within the polyacrylonitrile (PAN) 
matrix is successfully demonstrated in the preparation of polyaniline: 
polyacrylonitrile-1 (PANI:PAN1) composite films. We also prepared the 
conducting composites of polyaniline:polyacrylonitrile-2 (PANI:PAN2) by 
film casting from the solution of polyacrylonitrile in aniline followed by 
polymerization of aniline within the polyacrylonitrile (PAN) matrix. After 
polymerization of aniline present within the film, a dark black film with ahnost 
uniform thickness has been obtained. 
Controlling the doping process, the electrical conductivity of these 
materials could be varied from insulator, through semiconductor to metal 
range. SchOllhOm and Zagefika [16] have suggested a redox reaction for 
ammonia or amine intercalation into layered metal chalcogenides, which has 
further been supported by the work of Foot and Shaker [17]. On the basis of the 
disproportionation reaction of ammonia as suggested by above workers 
(equation-5.1), Mohammad [18] also has suggested an analogous 
disproportionation reaction for water (equation-5.2). 
8NH3^6NH/ + 6e" + N2 5.1 
6H20->4H30'^+4e- + 02 .... 5.2 
The basic strength of water is very low, hence does not act as undoping 
agent in case of polyaniline, however, the neutralization reactions to undope 
polyaniline within polyaniline:polyacrylonitrile (PANI:PAN) composite films 
by ammonia may be suggested as under-
[PANI(PAN)]'^-Cr+nNH/ + ne"^[PANI(PAN)] + nNH4Cl .... 5.3 
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5.2.2. Characterization 
5.2.2.1. FTIR studies 
The FTIR spectra of polyaniline (PANl), polyacrylonitrile (PAN) and 
poly aniline :poly-acrylonitrile composites (PANI:PAN) are shown in figure-5.1 
and the spectral peak positions are presented as tabulated form in table-5.1. 
The band corresponding to out of plane bending vibration of C-H bond 
of p-disubstituted benzene rings appears at 824 cm"'. The bands corresponding 
to stretching vibrations of N-B-N and N=Q=N structures appear at 1497 cm"' 
and 1587 cm'' respectively where -B- and =Q= stand for benzenoid and 
quinoid moieties in the polymer. The bands corresponding to vibration mode 
of N=Q=N ring and stretching mode of C-N bond appear at 1143 cm"' and 
1302 cm"'. The FTIR spectrum supports the presence of benzenoid as well as 
quinoid moieties in the polyaniline (PANI). 
The characteristic broad band for C=N group in polyacrylonitrile appears 
around 1995 cm"'. Two characteristic bands for CHj appear around 1451 and 
around 750 cm"' for the bending and rocking vibration respectively. In poly-
aniline :polyacrylonitrile-l (PANI:PAN1) composites, the gradual increase in 
the intensities in the bands corresponding to polyaniline (PANI) and decrease 
in the bands corresponding to polyacrylonitrile (PAN) supports the gradual 
increase in the polyaniline (PANI) content of the composite formulations. 
In the polyaniline:polyacrylonitrile-2 (PANI:PAN2) composite, the 
FTIR spectra became slightly different from their parent compounds. Some 
peaks appear clearly while some other could not be observed due to a very 
broad band in the region. The spectral assignments were used from references 
19-23 in the characterization of these materials. 
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Figure-5.1. FTIR spectra of po!yaniline:polyacrylonitrile (PANI:PAN) composites-
(a) PANI:PAN1-1, (b) PANI:PANl-2, (c) PANI:PANl-3, (d) PANI:PANl-4, 
(e) PANI:PANl-5, (f) PANI:PANl-6, (g) PANI:PANl-7, (h) PANI:PANl-8, 
(i) PANI:PANl-9, (j) PANIrPANl-lO, (k) PAN:PAN2 (I) PAN and (m) PANI. 
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Figure-5.1. Continued... 
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5.2.2.2. SEM studies 
Figure-5.2.represents the SEM photographs of polyaniline (PANT) and 
polyacrylonitrile (PAN) while the SEM photographs of selected 
polyanilme:polyacrylonitrile (PANI:PAN) composites presented in figure-5.3. 
hi case of polyaniline:polyacrylomtrile-l (PANI:PAN1), a homogeneous 
distribution of polyaniline within polyacrylonitrile (PAN) matrix is evident 
from figure-5.3. Polyaniline:polyacrylonitrile-2 (PANI:PAN2) composite 
found to be comparatively more homogeneous as observed in the SEM. 
5.2.2.3. Electrical properties 
The polyanilineipolyacrylonitrile (PANI:PAN) composites were 
observed to show the enhanced electrical conductivity on exposure to HCl, due 
to the involvement of charge-transfer reaction between polyaniline and doping 
agents [24,25]. 
[PANI(PAN)] + n HCl ^ [PANIOPAN)]"^ (n Cf) .... 5.5 
The electrical conductivity of the composite films were measured from 
35°C to 100°C and found in the upper semiconducting region as presented in 
table-5.2. All the PANI:PAN1 composite samples in principle follow 
Arrhenius equation for temperature dependence of electrical conductivity as 
viewed in figure-5.4 and suggests the semiconducitng nature of the HCl doped 
composites. No semiconductor to metal transition is found. WMe the 
electrical conductivity of HCl doped PANI:PAN1-1 composite in the insulating 
region suggests that the polyaniline concentrations in this composite is well 
below the percolation threshold. 
The polyaniline:polyacrylonitrile-2 (PANI:PAN2) composite deviate 
from the Arrhenious equation around 55°C and the electrical conductivity starts 
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(a) PANI 
(b) PAN 
Figure-5.2. SEM photographs of (a) polyaniline (PANI) and (b) polyacrylonitrile 
(PAN) 
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(a) PANI:PAN1-1 
(b) PANI:PANl-3 
Figure-5.3. SEM photographs of polyanilinerpolyacrylonitrile (PANIiPAN) 
composites- (a) PANI:PANM, (b) PANI:PANl-3, (c) PANI:PANl-5, 
(d) PANI:PANl-7, (e) PANI:PANl-9 and (f) PANI:PAN2. 
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Figure-5.3. Continued. 
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Figure-5.4. Temperature dependence of DC electrical conductivity of 
polyaniline'.polyacrylonitrile (PANItPAN) coraposites-
(a) PANI:PANl-2, (b) PANI:PANl-3, (c) PANI:PANl-4, 
(d) PANI:PANl-5, (e) PANI:PANl-6, (f) PANl:PANl-7, 
(g) PANI:PANl-8, (h) PANI:PANl-9, (i) PANI:PAN1-10 and 
(j) PANI:PAN2. 
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(h) PANI:PAN1-9 
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(j) PANI:PAN-2 
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decreasing after 65°C. This behavior may be attributed to semiconductor to 
metal transition as well as approaching nearer to Tg of the composite. 
5.2.2.4. TGA studies 
In presence of atmospheric oxygen, the polymers containing low 
dissociation energy bonds are the most susceptible to oxygen attack whereas 
polymers containing phenyl group, C-F, fused rings etc. are expected to show 
higher oxidative stability at elevated temperatures. Another reason for lower 
thermal stability of polymers than usually expected is due to the accidental 
inclusion of weak linkages in the main chain. While the presence of aromatic 
moieties in polyaniline will impart a better oxidative stability, the presence of 
C-N linkages will make it susceptible to oxygen attack. The doped polyaniline, 
like other p-type doped conductive polymers, would be expected to be stable to 
oxygen but will be susceptible to the reaction with strong doping agents. The 
presence of hydrogen bonding does cause stiffness in polyamides and raised 
melting temperature hence a better thermal stability. Its environmental 
stability towards acids, alkalies, light and water is also fairly good probably 
due to hydrogen bonding although the amide groups present in the backbone 
are susceptible to attack degradants [26-30]. 
The themogravimetric analysis of undoped polyaniline (PANI) and 
polyacrylonitrile (PAN) are presented in table-5.3, and table-5.4 contains the 
thermogravimetic analysis of polyaniline:polyacrylonitrile-l (PANI:PAN1) 
and polyaniline:polyacrylonitrile-2 (PANI:PAN2) composites. Figure-5.5 
shows the TGA and DTA of the undoped polyaniline (PANI) and 
polyacrylonitrile (PAN), whereas figure-5.6 corresponds to the selected 
composites of polyaniline:polyacrylonitrile-l (PANI:PANl) and 
polyaniline:polyacrylonitrile-2 (PANI:PAN2). 
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Table-5.3. TGA and DTA studies of polyaniline (PAN!) and polyacrylonitrile (PAN). 
Sample 
ID 
< 
CM 
z 
< 
DTA 
Peak temp. (°C) 
512 
370 
406 
Comment 
Exo 
Endo 
Exo 
TGA 
Temperaturerange 
("C) 
0-92 
92-275 
275-475 
475-658 
0-54 
54-213 
213-410 
% wt. lose 
4.42 
2.25 
44.53 
48.77 
1.01 
6.33 
92.4 
TabIe-5.4. TGA and DTA studies of polyanilinerpolyacrylonitrile (PANItPAN) 
composites. 
Sample 
ID 
1^ 
- 2 
"^  J. 
^z 
2£ 
^ Z 
2 l 
a- B-
DTA 
Peak temp. ("Q 
372 
409 
497 
373 
402 
487 
362 
394 
488 
347 
392 
456 
362 
374 
497 
362 
492 
Comment 
Endo 
Exo 
Exo 
Endo 
Exo 
Exo 
Endo 
Exo 
Exo 
Endo 
Exo 
Exo 
Endo 
Exo 
Exo 
Exo 
Exo 
TGA 
Temperature range ("Q 
0-44 
44-270 
270-400 
400-592 
0-53 
53-245 
245-400 
400-570 
0-62 
62-243 
243-401 
401-545 
0-72 
72-272 
272-381 
381-485 
0-92 
92-271 
271-390 
390-575 
0-93 
93-280 
280-374 
374-595 
% wt lose 
0.81 
7.59 
88.01 
3.56 
0.79 
5.07 
86.45 
7.65 
1.40 
4.40 
84080 
9.33 
2.5 
5.17 
81.25 
10.87 
3.95 
6.97 
79.38 
9.42 
6.98 
6.68 
44.82 
40.56 
Endo-Endothermic peak; Exo-Exothermic peak. 
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Figure-5.5. TGA and DTA of (a) polyaniline and (b) polyacrylonitrile. 
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Figure-5.6. TGA and DTA of polyaiiiline:polyacrylonitrile composites-
(a) PANI:PAN1-1, (b) PANI:PANl-3, (c) PANI:PANl-5, 
(d) PANI:PANl-7, (e) PANI:PANl-9 and (f) PANI:PAN2. 
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Figure-5.6. Continued... 
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Figure-5.6. Continued. 
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In polyaniline, the initial weight loss of around 4% by 100°C is due to 
the removal of moisture present ta the polymer. There is extremely little 
weight loss (2.25%) up to 275°C which strongly suggests that the material is 
thermally stable up to 275°C under oxidative conditions. The thermo-oxidative 
degradation starts beyond this temperature accompanied with a massive weight 
loss in the polymer as shown in figure. A strong exothermic peak in DTA at 
512°C corresponds to this degradation. 
hi polyacrylonitrile (PAN) fihn, the initial weight loss of around 6% up 
to 254°C may be due to removal of moisture, solvent and other low molecular 
weight component present within the film that indicates its good thermal 
stability. One endothermic peak at 370*'C may be attributed to the melting of 
polyacrylonitrile (PAN). The TGA curve indicates that ~ 90 % weight loss 
between 254°C and 400°C is due to the themo-oxidative degradation of 
polyacrylonitrile (PAN), which is supported by one sharp exothermic peak. 
As evident from figure-5.6 and table-5.4, initial weight loss of 5% to 7% 
of the composites up to 270°C may be due to loss of water, HCl and low 
molecular weight oligomers. A small endothermic peak around 370°C may be 
attributed to the melting of polyacrylonitrile. The simultaneous exothermic 
peak in DTA appears while the TGA curve indicates the massive weight loss 
on fiirther heating. The peaks are due to the simultaneous oxidative degradation 
of polyacrylonitrile and polyaniline. 
hi polyaniline;polyacrylom'trile-2 (PANI:PAN2), composite four step 
weight loss is observed. First two steps up to 280°C may be due to the loss of 
water, HCl and oligomers as evident from figure-5.6 and table-5.4. In the next 
two steps, the weight loss in TGA is observed where weight loss in both the 
step is almost equal as evident from figure-5.6 and table-5.4, which is fiirther 
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supported by two exothermic DTA peaks. This is due to the oxidative-
degradation of polyacrylonitrile and polyaniline in the composite [26-32]. 
5.2.2.5. Stability in terms of DC electrical conductivity 
Five composite samples PANI:PANl-3, PANI:PANl-5, PANI:PANl-7, 
PANIPANl-9 and PAN1:PAN2 were selected to study the stabihty of electrical 
conductivity under isothermal conditions at 50°C, 70°C and 90°C. The 
temperature of the composite fihns was maintained at the temperature of study 
and the DC electrical conductivity was measured after every 15 min in an 
accelerated ageing experiment. The electrical conductivity measured with 
respect to the time of accelerated ageing is presented table-5.5 and figure-5.7 
(a, b, c, d and e). In case of polyaniline:polyacrylonitrile-l (PANI:PAN1), it 
has been observed that the electrical conductivity is quite stable up to 90°C that 
supports the fact that the DC electrical conductivity of the composites is 
sufficiently stable imder ambient temperature, hi polyaniline :poly-
acrylonitrile-2 (PANI:PAN2) composite the electrical conductivity is quite 
stable up to 70°C. The electrical conductivity decreases with time at 90°C 
which may be attributed to the loss of dopant and the chemical reaction of 
dopant with polymer. 
Two composites PANI:PANl-9 and PANI;PAN2 have been selected to 
study the stability in terms of the DC electrical conductivity retention by 
cyclic technique. PANT:PANl-9 shows a gradual decrease of electrical 
conductivity up to cycle-3 and after that the electrical conductivity increases 
towards cycle-5, the data is presented in table-5.6 and the Arrhenius plot of the 
study are presented in figure-5.8. The increase in electrical conductivity may 
be attributed to the annealing and crystallization of polymer leading to the 
homogeneous doping and decrease in percolation threshold. While in 
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Table-5.5. Stability of DC electrical conductivity of polyaniline:polyacryloiiitriie 
(PANIiPAN) composites (under isothermal conditions). 
Temp 
50 
70 
90 
Time 
(min) 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
DC Electrical Conductivity (Scm"') 
PAM: 
PAN 1-3 
xlO^ 
1.5442 
1.5623 
1.5829 
1.5967 
1.6021 
2.2320 
2.2454 
2.2454 
2.2558 
2.2662 
2.2047 
2.2351 
2.2558 
2.2454 
2.2558 
PANI: 
PANl-S 
xlO^ 
3.6913 
3.6913 
3.8066 
3.9294 
4.0604 
3.9256 
4.1873 
3.3186 
3.3951 
3.4894 
6.7674 
7.1654 
5.5369 
5.2962 
5.2962 
PANI: 
PANl-7 
xlO"^ 
5.2011 
5.2531 
5.6686 
5.9262 
6.2084 
5.3604 
5.3062 
5.5885 
6.1802 
6.3291 
5.8368 
5.7099 
5.9024 
5.9024 
5.9695 
PANI: 
PANl-9 
xlO"^ 
3.6387 
3.5932 
3.6797 
3.7661 
4.0305 
4.0445 
4.0496 
4.2230 
4.2660 
4.4987 
6.5885 
6.7177 
6.1179 
5.9069 
5.9069 
PANI: 
PAN2 
xlO-^ 
1.9587 
2.1986 
2.1986 
1.7670 
1.9248 
1.6079 
2.2444 
2.3420 
1.5613 
1.8574 
1.6054 
1.3293 
1.3459 
1.2520 
1.1838 
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Figure-5.7. Isothermal stability of (a) PANI:PANl-3, (b) PANI:PANl-5, 
(c) PANI:PANl-7, (d) PANI:PANl-9 and (e) PANI:PAN2 composites in terms 
of retention of DC electrical conductivity with respect to time at 50°C, 70°C, 
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Figure-5.7. Continued. 
214 
Table-5.6. Stability of DC electrical conductivity of polyanilinerpolyacrylonitrile 
(PANI:PANl-9) composite (cyclic technique). 
Temperature 
CC) 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
DC Electrical Conductivity a x 10^ (Scm'*) 
Cycle-1 
3.3154 
3.6707 
3.7138 
3.8066 
3.9042 
3.9530 
4.2296 
4.4784 
4.9118 
5.2505 
5.6395 
5.8564 
6.3444 
6.6202 
Cycle-2 
2.5585 
2.6453 
2.6909 
2.7870 
2.9447 
3.0602 
3.2515 
3.5471 
3.7160 
4.0018 
4.2181 
4.3353 
4.4592 
4.5903 
Cycle-3 
2.3294 
2.4011 
2.4773 
2.6012 
2.6909 
2.8376 
3.0602 
3.2515 
3.4682 
3.6296 
3.8066 
4.0018 
4.2181 
4.4592 
Cycle-4 
2.7381 
2.8902 
3.0014 
3.1214 
3.3207 
3.4682 
3.7160 
3.9018 
4.2181 
4.4592 
4.5903 
4.8772 
5.0346 
5.3818 
Cycle-5 
4.1071 
4.1488 
4.2442 
4.3440 
4.5030 
4.6155 
4.8585 
5.0581 
5.3514 
5.6807 
5.8610 
6.1541 
6.3663 
6.5936 
Table-5.7. Stability of DC electrical conductivity of polyanilinerpolyacrylonitrile 
(PANI:PAN2) composite (cyclic technique). 
Temperature 
CC) 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
DC Electrical Conductivity a x 10'^  (Scm') 
Cycle-1 
1.6096 
1.6591 
1.6850 
1.7118 
1.7394 
1.7394 
1.7394 
1.7118 
1.6850 
1.6591 
1.6096 
1.5621 
1.5406 
1.4773 
Cycle-2 
1.6591 
1.6850 
1.7118 
1.7118 
1.7118 
1.7118 
1.6850 
1.6591 
1.6096 
1.5621 
1.5189 
1.4743 
1.4379 
1.4005 
Cycle-3 
1.8278 
1.8594 
1.8920 
1.9258 
1.9258 
1.9258 
1.8920 
1.8920 
1.8594 
1.8278 
1.7679 
1.7118 
1.6591 
1.6096 
Cycle-4 
1.1982 
1.2117 
1.2255 
1.2396 
1.2540 
1.2540 
1.2396 
1.2255 
1.2117 
1.1851 
1.1596 
1.1352 
1.1118 
1.0893 
Cycle-5 
1.5629 
1.6096 
1.6591 
1.6850 
1.7118 
1.7118 
1.7679 
1.6850 
1.5859 
1.4978 
1.4773 
1.4005 
1.3314 
1.1851 
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PANI:PAN2 the DC electrical conductivity increases up to cycle-3 then a little 
decrease in cycle-4 followed by the increase in the cycle-5. This variation in 
electrical conductivity of composite due to the same reason described above. 
The measured data of the electrical conductivity is presented in table-5.7 and 
the Arrhenus plots are shown in figure-5.9. 
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CHAPTER-6 
Chapter-6 
Polyaiiiline:cetluloseacetate (PANI:CA) composites 
6.1. Introduction 
Cellulose is the main constituent of the cell walls of the plants. Usually 
two sources of cellulose are utilized for the preparation of the cellulosic 
plastics; they are cotton and wood pulp. Cellulose is a naturally occurring, 
linear, stereo-regular polysaccharide made up of p-D(+)-glucose units, joined 
by 1, 4-giucoside linkages. High intermolecular forces and regular structure of 
the polymer result in its having an unusually high degree of crystallinity. It has 
very high melting point and in fact it decomposes before beginning to melt [1-
3]. Cellulose acetate (CA) is prepared by reacting natural cellulose (like 
cotton, wood) with acetic anhydride or glacial acetic acid in presence of a 
catalyst (such as sulfuric acid or perchloric acid). The resultant cellulose 
acetate ester is partially hydrolysed so that about 2 to 2.5 acetate group per 
C^HioOs unit remains and the product become soluble in organic solvent like 
acetone. Cellulose acetate is colorless, odorless, tasteless, tough and durable 
plastic with a density ranging from 1.2-1.4 g/cc. It has good impact strength 
and can be easily machined and molded. It is used to manufacture radio 
appliances, automobile steering wheels, handles, windows, goggles, combs, 
musical instruments, photographic and X-ray fihns etc. [4-8]. 
On the other hand polyaniline (PANI) also occupies a high place among 
intrinsically conducting pol}Tners because of its very simple preparation 
process, good environmental stability and can be doped by protonic acid [9-
17]. 
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This chapter deals with the preparation and characterization of 
composite fihns based on polyaniline and cellulose acetate. 
6.2. Results and Discussion 
6.2.1. Preparation of composites 
The method of preparation of polyaniline: celluloseacetate-1 
(PANI:CA1) composite films by mixing undoped PANI powder with the 
cellulose acetate dissolved in acetone is well demonstrated. A gradual change 
in fihn thickness with increasing concentration of aniline was observed. 
Polyaniline:celluloseacetate-2 (PANI:CA2) composites were prepared 
successfully by dissolving the cellulose acetate in aniline. After the 
polymerization of aniline, a dark black fibn with almost uniform thickness has 
been obtained. 
Controlling the doping process the electrical conductivity of these 
materials could be varied from insulator, through semiconductor to metal 
range. SchoUhom and Zagefka [18] have suggested a redox reaction for 
ammonia or amine intercalation into layered metal chalcogenides, which has 
further been supported by the work of Foot and Shaker [19]. On the basis of the 
disproportionation reaction of ammonia as suggested by above workers 
(equation-6.1), Mohammad [20] also has suggested an analogous 
disproportionation reaction for water (equation-6.2). 
8NH3-^6NH/ + 6e' + N2 6.1 
6H20^4H30^+4e' + 02 6.2 
The basic strength of water is very low, hence does not act as undoping 
agent in case of polyaniline, however, the neutralization reactions to undope 
polyaniline within polyaniline:celluloseacetate-2 composite fihn by ammonia 
may be suggested as under-
223 
[PANICCA)]"^  (Cir+ nNH/ + n e"-> PANI (CA) + nNH4CI .... 6.3 
6.2,2. Characterization 
6.2.2.1. FTIR studies 
The FTIR spectra of polyaniline (PANI), cellulose acetate (CA) and 
polyaniline: celluloseacetate (PANT.CA) composites are shown in figure-6.1 
and the peak position is presented in tabulated form in table-6.1. 
The bonds around 1143, 1302, 1377, 1498, 1548 cm'^  correspond to 
polyaniline in the composites. The band corresponding to out of plane bending 
vibration of C-H bond of p-disubstituted benzene ring appears at 824 cm'V 
The bands corresponding to stretching vibrations of N-B-N and N=Q=N 
structures appear around 1497 cm"^  and 1587 cm'^  respectively (where -B- and 
=0= stand for benzenoid and quinoid moieties in the polyaniline backbone). 
The band corresponding to vibration mode of N=Q=N ring and stretching 
mode of C-N bond appear at 1143 cm"^  and 1302 cm'^  respectively. 
In cellulose acetate, the characteristic broad band for 0-H group appears 
around 3494 cm' and a band around 2961cm'' because of C-H present in 
CH2OH group has been found. A broad band around at 1034cm"' for the -C-0-
C- and the band correspond to C=0 of the acetate appears around 1723cm''. 
In the polyaniline:celluloseacetate-l (PANl.CAl) composites the gradual 
increase in the intensities in the bands corresponding to polyaniline and 
decrease in the bands corresponding to cellulose acetate support the gradual 
change in the composition of the composite formulations. In 
polyaniline:celluloseacetate-2 (PANI:CA2) composite, all the characteristic 
peaks of polyaniline and cellulose acetate has been found. 
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Figure-6.1. FTIR spectra of polyaniIine:celluloseacetate (PANIrCA) composites-
(a) PANI:CA1-1, (b) PANI:CAl-2, (c) PANI:CAl-3, (d) PANI:CAl-4, 
(e) PANr:CAl-5, (0 PANI:CAl-6, (g) PANI:CAl-7, (h) PANI:CAl-8, 
(i) PANI:CAl-9, (j) PANI:CA1-10, (k) PAN:CA2 (1) CA and (m) PANI. 
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Figure-6.1. Continued... 
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Figure-6.1. Continued. 
227 
0; 
c 
o 
£ 
c 
o 
4000 3000 2000 1500 1000 
Wave number ( c m ~ ) 
400 
Figure-6.1. Continued.. 
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6.2.2.2. SEM studies 
Figure-6.2 represents the SEM photograph of polyaniline and cellulose 
acetate and the SEM photographs of selected composite materials presented in 
figure-6.3. In case of polyaniline:celluloseacetate-1 (PANI:CA1) composites a 
homogeneous mixing of polyaniline within the composite fibn was visible in 
the figure-6.3. 
In case of polyaniline:celluloseacetate-2 (PANI:CA2) the surface of 
composite film is found to be very uniform but different form tliat of 
polyaniline:celluloseacetate-l (PANI:CA1) and of its constituents. 
6.2.2.3 Electrical properties 
The polyaniline:celluloseacetate (PANI:CA) composites were observed 
to show the enhanced electrical conductivity on exposure to HCl, due to the 
involvement of charge-transfer reaction between polyaniline and doping agent 
[27,28]. 
[PANI(CA)] + n HCl -^ [PANI(CA]^ (n Cf) .... 6.4 
The electrical conductivity of the composite films were measured fi"om 
35°C to 130°C and found in the semiconducting region as presented in table-
6.2. All the polyanilinexelluloseacetate (PANI;CA) composite samples in 
principle follow Arrhenius equation for temperature dependence of electrical 
conductivity as viewed in figure-6.4 and suggests the semiconducitng nature of 
the HCl doped composites. No semiconductor to metal transition is observed 
in the Arrhenius plots. 
6.2.2.4.TGA studies 
In presence of atmospheric oxygen, the polymers containing low 
dissociation energy bonds are the most susceptible to oxygen attack whereas 
polymers containing phenyl group, C-F, fused rings etc. are expected to show 
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(a) PANI 
(b)CA 
Figure-6.2. SEM photographs of (a) polyaniline (PANI) and (b) cellulose acetate 
(CA). 
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(a) PANI:CA1-1 
(b) PANI:CAl-3 
Figure-6.3. SEM photographs of polyanilinercelluloseacetate (PANIrCA) 
composites- (a) PANI:CA1-1, (b) PANI:CAl-3, (c) PANI:CAl-5, 
(d) PANI:CAl-7, (e) PANI:CAl-9 and (f) PANI:CA2. 
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(f) PANI:CA2 
235 
R 
o 
u 
'5 
"o 
a. 
a. 
o 
"a 
U 
s 
u 
CO, 
*^ 
"> 
'S 
a 
t3 
c 
o 
o 
"5 
«^ 
*u 
u 
U 
Q 
w 
u a; 
C m 
O O 
•= £ 
S u 
o 
23 
< < 
a. U 
< < 
S ' 
-< < 
< < 
0. U 
0. U 
a; u 
0, U 
Z ^ 
< < 
o 
X 
o 
X 
7 
o 
X 
o 
T 
o 
^^  
X 
b 
X 
b 
X 
b 
X 
b 
X 
b 
X 
o 
X 
•<1-
o 
O 
o 
o 
00 
00 
O 
O 
o\ 
b 
•<r 
in 
b 
00 
o 
b 
00 
b 
b 
00 
00 
C\ 
b 
OS 
r--
o 
00 
00 
r-
b 
en 
O 
b 
00 
t-
m 
b 
00 
b 
>n 
m 
o 
b 
•n 
o 
o 
b 
b 
00 
r-
VO 
in 
b 
o 
O 
O 
VO 
b 
o 
<s 
VO 
b 
o 
VO 
b 
Ov 
VO 
VO 
b 
1—1 
o 
b 
o 
b 
o 
o 
b 
VO 
>o 
b 
VO 
OO 
VO 
00 
b 
Ov 
•>!-
VO 
b 
o 
ov 
o 
b 
<s 
VO 
b 
Ov 
00 
b 
VO 
r--
b 
r-
<n 
<n 
b 
Ov 
VO 
vO 
b 
in 
VO 
VO 
o 
Ov 
VO 
•tr 
Ov 
OO 
b 
00 
r-
VO 
b 
VO 
b 
VO 
00 
VO 
b 
Ov 
•>r 
00 
b 
00 
• < * 
Ov 
b 
o 
Cv 
r-
b 
00 
Ov 
>n 
<n 
>o 
b 
00 
Ov 
O 
<S 
Ov 
b 
r-
vo 
b 
o 
Ov 
b 
rj-
r-
b 
VO 
00 
b 
00 
b 
Ov 
<n 
b 
VO 
00 
Ov 
ov 
r^  
VO 
b 
00 
fvi 
o 
VO 
o 
rv| 
>o 
OO 
VO 
Ov 
b 
00 
Ov 
VO 
b 
00 
b 
«n 
b 
o 
Ov 
b 
VO 
b 
o 
VO 
b 
•<*•• 
o 
ov 
VO 
b 
VO 
00 
VO 
ov 
Ov 
r-
ov 
b 
VO 
b 
00 
00 
b 
r-
b 
Ov 
VO 
Ov 
b 
<n 
00 
VO 
b 
VO 
b 
Ov 
VO 
VO 
b 
00 
VO 
ov 
O 
>n 
00 
vO 
o 
o 
VO 
r-
b 
o 
Ov 
b 
00 
o 
00 
b 
<n 
O 
ov 
00 
b 
00 
VO 
r-
VO 
b 
00 
Ov 
(N 
Ov 
b 
Ov 
VO 
vn 
O^ 
Ov 
00 
o 
o 
VO 
b 
00 
Ov 
b 
>n 
<n 
00 
b 
r-
»n 
O 
•o 
b 
o 
b 
•ri 
Ov 
Ov 
•n 
00 
b 
00 
o 
O 
00 
00 
ov 
m 
00 
•<3-
O 
00 
b 
r-
VO 
>n 
Ov 
b 
00 
o 
00 
00 
b 
VO 
00 
00 
o 
OO 
r-
b 
ov 
b 
Cv 
ov 
b 
Ov 
ov 
-^  
vn 
CO 
OO 
•<1-
vo 
•n 
00 
b 
o 
o 
Cv« 
Ov 
b 
>n 
00 
f) 
00 
r^ 
00 
b 
o 
b 
00 
OO 
o 
vo 
O 
CV 
O 
Ov 
Ov 
VO 
c-l 
OO 
f^ 
r^ 
ov 
b 
O 
«n 
00 
Ov 
b 
r-
Ov 
VO 
(S 
Ov 
OO 
b 
o 
00 
b 
VO 
00 
o 
o 
00 
Ov 
OV 
Ov 
< ^ 
vb 
o 
IT) 
CS 
00 
Ov 
b 
Ov 
VO 
o 
m 
• — * 
00 
Ov 
b 
OO 
cs 
00 
00 
b 
00 
b 
iri 
VO 
VO 
00 
o 
o 
o 
VO 
vd 
00 
00 
o 
<n 
Ov 
o 
00 
o 
o 
00 
>o 
< ^ 
00 
o 
Ov 
b 
00 
00 
b 
VO 
00 
<n 
VO 
o 
o 
O 
VO 
00 
VO 
o 
• ^ 
•* 
fl 
o 
00 
Ov 
CO 
< ^ 
Ov 
b 
Ov 
b 
ON 
o 
•<3-
ov 
Ov 
o 
O 
00 
vO 
v6 
Ov 
vq 
o 
VO 
O 
00 
VO 
o 
o 
Cv| 
Ov 
Ov 
b 
o 
Ov 
Ov 
b 
OO 
OO 
<N 
Ov 
o 
ov 
OO 
u^ 
VO 
Ov 
vd 
ov 
cs 
<N 
00 
o 
fv| 
VO 
Ov 
OO 
Ov 
O 
Ov 
O 
vO 
00 
O 
vd 
O 
VO 
fN 
VO 
00 
Ov 
o 
Ov 
o 
in 
Ov 
vd 
VO 
o 
OO 
o 
m 
o 
OO 
Ov 
VO 
VO 
o 
vq 
•n 
VO 
o 
I—i 
VO 
O 
QO 
VO 
vd 
VO 
VO 
00 
o 
VO 
VO 
o 
o 
Ov 
00 
Ov 
OV 
00 
00 
00 
00 
vq 
m 
Ov 
O 
Ov 
00 
f^ 
Ov 
vd 
VO 
VO 
00 
VO 
o 
en 
236 
•5.2 
> 
3 
C 
O 
u 
o 
-4.6 
23 
,— -4.8 
'E 
« 
3 
•0 
c 
o 
u 
5 -5.2 ^ 
-5.4 
2.5 
T(K)/1000 
2.7 
> -
(a) PANI:CA1-1 
T (K)/1000 
2.7 2.9 
^ O 
3.1 
O > 
0~\^ 
(b) PANI:CA1-2 
3.3 
Figure-6.4. Temperature dependence of DC electrical conductivity of 
polyaniline:celluloseacetate (PANItCA) composites- (a) PANI:CA1-1, 
(b) PANI:CAl-2, (c) PANI:CAl-3, (d) PANI:CAl-4, (e) PANI:CAl-5, 
(f) PANI:CAl-6, (g) PANI:CAl-7, (h) PANI:CAl-8, (i) PANI:CAl-9, 
(j) PAN1:CA1-10 and (k) PANI:CA2. 
237 
T (K)/1000 
-4.1 
-4 .2 -
-4.3 
E 
o 
o 
3 
•D 
§ -4.4 
o 
O) 
o 
- I 
-4.5 
-4.6 -I 
2.5 2.7 2.9 
(c) PANI:CA1-3 
3.1 3.3 
T (K)/1000 
-3.8 
-3.9 -
E 
" -4 
to 
I -4,1 
3 
•D 
C 
o 
o -4.2 
Oi 
o 
_i 
-4.3 
-4.4 
2.5 2.7 2.9 3.1 3.3 
\ o 
Figure-6.4. Continued. 
(d) PANI:CA1-4 
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higher oxidative stability at elevated temperatures. Another reason for lower 
thermal stability of polymers than usually expected is due to the accidental 
inclusion of weak linkages in the main chain. While the presence of aromatic 
moieties in polyaniline will impart a better oxidative stability, the presence of 
C-N linkages will make it susceptible to oxygen attack. The doped polyaniline, 
like other p-type doped conductive polymers, would be expected to be stable to 
oxygen but will be susceptible to the reaction with strong doping agents. The 
presence of hydrogen bonding does cause stiffness in polyamides and raised 
melting temperature hence a better thermal stability. Its environmental 
stability towards acids, alkalies, light and water is also fairly good probably 
due to hydrogen bonding although the amide groups present in the backbone 
are susceptible to attack degradants [29-33]. 
In table-6.3, the thermogravimetric analysis of undoped polyaniline and 
cellulose acetate is presented and figure-6.5 shows the TGA and DTA of the 
constituent polymers. 
In polyaniline, the initial weight loss of around 4% by 100°C is due to 
the removal of moisture present in the polymer. There is extremely little 
weight loss (2.25%) up to 275°C, which strongly suggests that the material is 
thermally stable up to 275°C under oxidative conditions. The thermo-oxidative 
degradation starts beyond this temperature accompanied with a massive weight 
loss in the polymer as shown in figure. A strong exothermic peak in DTA at 
512°C corresponds to this degradation. 
In cellulose acetate, the weight loss of around 4% up to 286°C indicates 
its good thermal stability. The weight loss in this step may be attributed to the 
removal of water or other volatile constituents present in the polymer. Then 
the TGA shows a massive weight loss beyond this temperature, which is 
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Table-6.3. DTA and TGA studies of polyaniline (PANl) and cellulose acetate (CA). 
Sample 
ID 
< 
OM 
< 
DTA 
Peak temp. ("C) 
512 
257 
305 
380 
525 
Comment 
Exo 
Exo 
Exo 
Exo 
Exo 
TGA 
Temperature range 
CC) 
0-92 
92-275 
275-475 
475-658 
0-62 
62-286 
286-381 
381-545 
% wt. lose 
4.42 
2.25 
44.53 
48.77 
3.1 
1.7 
77.0 
17.7 
Table-6.4. DTA and TGA studies of poiyaniline:celluloseacetate (PANIrCA) 
composites. 
Sample 
ID 
i l l ""I 
< < 
< < 
a; u 
" in 
0. U 
< < 
a. U 
DTA 
Peak temp. 
CC) 
389 
501 
389 
491 
383 
469 
377 
464 
383 
462 
307 
325 
472 
Comment 
Exo 
Exo 
Exo 
Exo 
Exo 
Exo 
Exo 
Exo 
Exo 
Exo 
Exo 
Exo 
Exo 
TGA 
Temperature range 
CC) 
0-88 
88-284 
284-388 
388-562 
0-86 
86-278 
278-381 
381-584 
0-82 
82-271 
271-381 
381-589 
0-87 
87-280 
280-368 
368-591 
0-81 
81-267 
267-376 
376-598 
0-95 
95-250 
250-328 
328-571 
% wt lose 
3.2 
1.7 
68.8 
25.4 
3.6 
2.2 
53.6 
39.5 
2.7 
2.0 
53.3 
41.9 
4.1 
2.3 
45.1 
48.0 
3.4 
1.5 
49.7 
44.8 
6.52 
2.42 
38.88 
51.96 
Endo- Endothermic peak; Exo-Exothermic peak 
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Figure-6.5. TGA and DTA of (a) polyaniline and (b) cellulose acetate. 
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associated with three simultaneous exothermic peaks in DTA. This weight loss 
is due to the thermo-oxidative degradation of the cellulose acetate polymer. 
Table-6.4 contains tabulated form of TGA and DTA analysis of 
polyaniline.celluloseacetate (PANI.CA) composites and figure-6.6 shows the 
TGA and DTA thermograms of polyanilinexelluloseacetate (PANI:CA) 
composites. 
As evident from figure-6.6 and table-6.4, initial weight loss of 2% to 4% 
of the composites below 100°C may be due to loss of water. Then some 
simultaneous exothermic peaks for DTA appear while the TGA curve indicates 
a two steps weight loss on further heating. The weight loss is due to the 
thermo-oxidative degradation of the polymers. The last step may be associated 
with the oxidative degradation exclusively of polyaniline because of the 
gradual increase in the weight loss percentage in this step that increases with 
increase in polyaniline content in the composites. 
In polyanilinexelluloseacetate-! (PANI:CA2) composite, three step 
weight loss is observed. The initial weight loss of around 6 % up to 95°C is due 
to the removal of moisture and other volatile substance present with the 
composite. The material found to be stable up to 250°C. On further heating, 
the TGA shows a two-step weight loss, which is supported by three 
simultaneous DTA peaks [29-35]. 
6.2.2.5. Stability in terms of DC electrical conductivity 
Six samples, PANI:CA1-1, PANI:CAl-3, PANI:CAl-5, PANI:CAl-7, 
PANI:CAl-9 and PAN1:CA2 has been selected to study the stability in terms 
of DC electrical conductivity retention under isothermal condition at SO'^ C, 
TOT, 90T, 110°C and 130°C. The temperature of the composite fihns were 
maintained at the temperature of study and the DC electrical conductivity was 
249 
measured after every 15 min in an accelerated ageing experiment. The 
electrical conductivity measured with respect to the time of accelerated ageing 
is presented table-6.5 and figure-6.7. It has been observed that the electrical 
conductivity is quite stable at 50°C, 70°C and 90°C that supports the fact that 
the DC electrical conductivity of the composites is sufficiently stable under 
ambient temperature conditions. The electrical conductivity decreases with 
time 90°C and 130°C that may be attributed to the loss of dopant and the 
chemical reaction of dopant with polymer. 
Two composite samples PANI:CAl-9 and PANI:CA2 has been taken to 
check the stability in terms of the electrical conductivity retention by cychc 
technique. The composite PANI:CAl-9 shows a gradual decrease of electrical 
conductivity up to the cycle-5, the data is presented in table-6.6 and the 
Arrhenius plots of the study are presented in figure-6.8. The decrease in 
electrical conductivity is due to the removal of dopant and the reaction between 
the dopant and polymer. 
While in case of PANI:CA2 the DC electrical conductivity gradually 
increases up to cycle-3 then decrease in cycle-4 and again little increases in 
cycle-5. The increase in the electrical conductivity is due to the annealing and 
crystallization of the polymer, which creates a homogeneous doping of the 
polymer and decrease the percolation threshold. The data is presented in table-
6.7 and the Arrhenius plots of the study are viewed in figure-6.9. 
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TabIe-6.5. Stability of DC electrical conductivity of polyaniline:ceIIuIoseacetate 
(PANIcCA) composites (under isothermal conditions). 
Temp. 
CO 
50 
70 
90 
110 
130 
Time 
(min) 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
DC Electrical conductivity cr (Scm' ) 
PANI: 
CAl-1 
xlO^ 
1.8666 
2.0331 
1.7640 
2.0331 
2.7278 
1.7685 
1.7359 
2.7652 
2.8720 
3.3804 
2.6711 
3.1192 
2.3629 
2.4446 
2.3788 
2.9561 
2.8955 
2.6362 
2.1705 
1.8865 
3.0128 
2.3394 
2.0568 
1.8069 
1.5177 
PANI: 
CAl-3 
xlO'^ 
3.1681 
3.2578 
3.6255 
3.7741 
4.0747 
3.8453 
4.2021 
4.7122 
5.4712 
6.3688 
5.7816 
6.2468 
6.1525 
5.8648 
6.0386 
6.1064 
5.8022 
4.9109 
4.0130 
3.6851 
6.2708 
5.3987 
3.7545 
3.2567 
2.0531 
PANI: 
CAI-5 
xlO"^ 
3.2717 
3.5780 
3.4611 
3.6730 
4.1090 
6.2276 
6.4049 
6.4916 
7.3460 
8.1071 
6.8519 
7.0303 
6.7155 
7.1799 
8.4364 
8.6527 
7.9636 
6.3150 
5.6419 
5.4719 
8.9988 
7.0303 
5.9793 
4.5227 
3.5090 
PANI: 
CAl-7 
xlO-^ 
5.2451 
5.2674 
5.1793 
5.5261 
5.7574 
5.8945 
6.0383 
6.2835 
6.1584 
6.4137 
7.1968 
6.4471 
6.0383 
6.2517 
6.8796 
9.6707 
8.7682 
7.8345 
6.4646 
5.9129 
10.315 
7.9910 
4.7865 
2.8544 
1.4766 
PANI: 
CAl-9 
xlO'^ 
5.9656 
6.3256 
6.4345 
6.6116 
6.8635 
6.7173 
6.8474 
6.8918 
6.6751 
6.9825 
7.7427 
8.7105 
8.9131 
8.7105 
9.1253 
8.2896 
7.4874 
6.1904 
5.6560 
[ 5.2412 
9.0439 
8.4624 
8.0087 
6.1195 
4.0135 
PANI: 
CA2 
xlO^ 
4.6710 
4.9234 
3.7873 
3.8244 
3.8244 
6.8171 
6.0151 
3.6205 
3.7625 
3.6901 
6.8263 
6.3923 
7.1025 
7.1025 
7.1025 
6.3081 
6.3081 
3.4357 
2.9599 
2.2445 
6.0558 
4.7809 
3.3487 
2.5589 
1.8707 
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Figure-6.7. Isothermal stability of (a) PANI:CA1-1, (b) PANI:CAl-3, (c) PANI:CAl-5, 
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Table-6.6. Stability of DC electrical conductivity of polyaaiIine:celluloseacetate (PANI:CAl-9) 
composite (cyclic technique). 
Temperature 
CC) 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
DC Electrical conductivity a x lO"''' (Scm*) 
Cycle-1 
6.5822 
6.7082 
6.8059 
7.1168 
7.4181 
7.7460 
8.0576 
8.3454 
8.6544 
8.8736 
9.2849 
9.7363 
9.8043 
10.014 
9.6029 
9.5376 
9.4731 
9.3468 
8.9873 
8.2472 
Cycle-2 
5.9357 
5.9581 
5.9807 
6.0962 
6.2905 
6.4445 
6.8056 
6.9555 
7.7020 
8.4888 
8.7717 
8.8703 
9.0742 
9.3427 
9.8069 
9.7464 
9.6866 
9.6275 
9.5115 
9.0742 
Cycle-3 
4.8588 
5.3108 
5.7502 
6.1248 
6.4982 
6.8325 
7.1047 
7.3329 
7.5404 
7.7600 
8.1145 
8.2827 
8.4580 
8.6409 
8.7833 
8.9305 
9.0828 
9.1872 
9.2403 
9.2940 
Cyde-4 
4.0676 
4.3439 
4.6201 
4.9036 
5.1401 
5.3643 
5.5506 
5.7296 
5.8771 
6.0323 
6.1483 
6.2444 
6.3435 
6.4458 
6.5515 
6.6330 
6.6885 
6.7450 
6.8024 
6.8608 
Cycle-5 
3.0218 
3.2035 
3.4751 
3.7089 
3.9666 
4.1692 
4.3204 
4.4652 
4.6741 
4.7718 
4.9955 
5.1901 
5.3643 
5.4933 
5.6090 
5.6888 
5.7710 
5.8342 
5.8771 
5.9206 
Table-6.7. Stability of DC electrical conductivity of polyanilineicelluloseacetate (PANI:CA2) 
composite (cyclic technique). 
Temperature 
rc) 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
DC Electrical conductivity a x 10"* (Scm') 
Cycle-1 
1.9635 
2.0501 
2.1514 
2.2485 
2.3157 
2.3628 
2.4544 
2.6009 
2.6809 
2.8335 
2.9788 
3.II18 
3.2271 
3.3351 
3.4169 
3.4852 
3.5564 
3.6116 
3.6687 
3.7275 
Cycle-2 
2.3709 
2.4894 
2.6205 
2.7994 
2.9288 
3.1118 
3.2725 
3.4169 
3.5383 
3.6687 
3.7678 
3.8725 
3.9605 
4.0292 
4.1245 
4.1991 
4.2764 
4.3295 
4.3839 
4.4398 
Cycle-3 
3.0439 
3.1829 
33351 
3.4852 
3.6495 
3.8090 
3.9831 
4.1491 
4.3295 
44683 
4.6162 
4.7418 
7.8745 
5.0147 
5.1254 
5.2410 
5.3210 
5.4035 
5.4886 
5.5321 
Cycle-4 
2.1989 
2.2558 
2.3709 
2.4544 
2.6009 
2.7122 
2.8335 
2.9411 
3.0572 
3 1540 
3.2421 
3.3512 
3.4337 
3.5027 
3.5746 
3.6304 
3.6881 
3.7275 
3.7678 
3,8090 
Cycle-5 
2.5255 
2.6009 
2.6707 
2.7882 
2.8803 
2.8859 
3.0175 
3.1627 
3.3460 
3.4852 
3.5519 
3.6647 
3.7849 
3.8479 
3.9132 
3.9806 
3.9915 
4.0615 
4.0726 
4.0726 
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CHAPTER-7 
Chapter-7 
Polyaniline:nylon-6 (PANI:N6) composites 
7.1. Introduction 
Organic polymers, which have been used as insulating (passive) 
materials in electrical and electronic devices for decades, have emerged as a 
new class of electronic (active) materials. Some of the important polymers of 
this family are polyacetyiene, polyaniline, polypyrrole, polythiophene etc. The 
electrical conductivity of these polymers could be increased from insulator 
through semiconductor to the metallic regime by a charge transfer process 
generally called "doping" in a poor analogy to silicon technology. Among the 
conducting polymers polyaniline occupies an important place because of its 
easy preparation and good environmental stability and fairly good electrical 
conductivity [1-9]. 
For polyamides, AHm (the change in enthalpy during melting) is lower, 
therefore, molar cohesion cannot account for higher values of !„ . These result 
from low liquid-state entropies, leading to low values of AS^ (the change in 
entropy during melting), which arise from partial retention of hydrogen 
bonding in the melt state and from chain stiffness due to the tendency for 
resonance of the amide group as evident from the structure given under-
-C-C=N-C-
I I 
0 H 
The presence of (-CONH-) groups leading to the formation of hydrogen 
bonding between the chains increases its melting temperature about 2 times 
that of poly ethylene (PE). It is comfortably melt processible like PE. The 
tensile strength of nylon-6 is approximately four times that of PE. PE in not 
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soluble in normal conditions whereas nylon-6 is soluble in formic acid, cresol, 
phenol, which gives processibility to the nylon-6. Nylon-6 is self-lubricating, 
suitable for use as plastic as well as fiber and hence used in the manufacture of 
dry gears, dry bearings, dry pumps, guide bushes, filaments, rope to textile 
fibers for garments. [10-15]. 
The problems, impeding the use of electrically conducting polymers, as 
active materials are their extremely poor intractability, processibility and 
environmental stability. In this chapter, the studies on composites prepared by 
using polyaniline and nylon-6 are presented. 
7.2, Results And Discussion 
7.2.1. Preparation of composites 
The modified method of composite preparation by oxidative poly-
merization of aniline in the soluble matrix of nylon-6 is found to be extremely 
efficient as evident fi"om fairly high yield of composites as high as 93.5%, with 
a minimum of 60% and an average of 78.4%. A gradual change in color of 
composites from light green to dark green with increasing concentration of 
aniline in reaction mixture suggests that the amount of polyaniline content in 
the composites increases with increase in the concentration of aniline in the 
reaction mixture as evident from table-7.1. 
Controlling the doping process, the electrical conductivity of these 
materials could be varied fi-om insulator, through semiconductor to metallic 
range. Schollhom and Zagefka [16] have suggested a redox reaction for 
ammonia or amine intercalation into layered metal chalcogenides, which has 
further been supported by the work of Foot and Shaker [17]. On the basis of 
the disproportionation reaction of ammonia as suggested by above workers 
262 
Table-7.1. Preparation of polyaniline:nyIon-6 (PANI:N6) composites. 
Sample ID 
PANI:N6-1 
PANI:N6-2 
PANI:N6-3 
PANI:N6-4 
PANI:N6-5 
PANI:N6-6 
PANI:N6-7 
PANI:N6-8 
PANI:N6-9 
PANI:N6-10 
Yield 
(ing) 
0.67 
0.72 
1.02 
1.04 
1.1 
1.18 
1.63 
1.51 
1.76 
1.87 
(%) 
60.78 
59.77 
78.04 
73.80 
72.77 
73.11 
90.55 
88.82 
92.63 
93.50 
Color 
As-prepared 
Light green 
Light green 
Green 
Green 
Dark green 
Dark green 
Dark green 
Dark green 
Dark green 
Dark green 
Undoped 
Light brown 
Dark brown 
Black 
Black 
Black 
Black 
Black 
Black 
Black 
Black 
263 
(equation-7.1), Mohammad [18] also has suggested an analogous 
disproportionation reaction for water (equation-7.2). 
8NH3^6NH/ + 6e" + N2 7.1 
6H2O ^ 4H30^+ 4e- + O2 7.2 
The undoping by water was observed in case of polyaniline:nylon-6 
composites as washing with distilled water was accompanied with a color 
change from green to light brown to black as well as loss of electrical 
conductivity. Hence, the neutralization reactions for undoping of polyaniline: 
nylon-6 (formic acid doped) composites by water is suggested in equation-7.3, 
analogous to ammonia undoping of formic acid doped polyaniline, (equation-
7.4)-
[PANICNe)]"^ (n HCOO") + n HsO^ + n e' ^ PANI(N6) + n HCOOH + n H2O 7.3 
[PANI]"^ (n CI ') + n NH4^ + n e'-^ PANI + nNH4Cl 7.4 
7.2.2. Characterization 
7.2.2.1. FTIR studies 
The FTIR spectra of polyaniline, nylon-6 and polyaniline:nylon-6 
composites (PAN1:N6) are shown in figure-7.1 and the spectral peak positions 
are presented as tabulated form in table-7.2. 
The band corresponding to out of plane bending vibration of C-H bond 
of p-disubstituted benzene rings appears at 824 cm"\ The bands corresponding 
to stretching vibrations of N-B-N and N=Q=N structures appear at 1497 cm"' 
and 1587 cm"' respectively where -B- and =Q= stand for benzenoid and 
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Figure-7.1. FTIR spectra of polyaniline:nylon-6 (PANI:N6) composites- (a) PANI:N6-1, 
(b) PANI:N6-2, (c) PANI:N6-3, (d) PANI:N6-4, (e) PANI:N6-5, (0 PANI:N6-6, 
(g) PANI:N6-7, (h) PANI:N6-8, (i) PANI:IV6-9, (j) PANI:N6-10, (k) N6 and 
(I) PANI. 
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quinoid moieties in the polymer. The bands corresponding to vibration mode 
of N=Q=N ring and stretching mode of C-N bond appear at 1143 cm' and 
1302 cm''. The FTIR spectrum supports the presence of benzenoid as well as 
quinoid moieties in the PANI. The characteristic bands at around 686, 1642, 
3302 cm"' attributed to nylon-6 are present in all the composites. 
As-prepared polyaniline:nylon-6 (PAN1:N6) composites showed a 
strong band around 1642 cm'' corresponding to carbonyl group of nylon-6, 
while the group of bands at 1120, 1300, 1367, 1463, 1498, 1548 cm"' 
corresponds to polyaniline in the composites. The band corresponding to out 
of plane bending vibration of C-H bond of p-disubstituted benzene ring appears 
at 824 cm''. The bands corresponding to stretching vibrations of N-B-N and 
N=Q=N structures appear around 1463 cm"' and 1540 cm'' respectively (where 
-B- and =Q= stand for benzenoid and quinoid moieties in the polyaniline 
backbone). The band corresponding to vibration mode of N=Q=N ring and 
stretching mode of C-N bond appear at 1146 cm'' and 1304 cm'' respectively 
[19-23]. The gradual increase in the intensities in the bands corresponding to 
polyaniline and decrease in the bands corresponding to nylon-6 support the 
gradual change in the composition of the composite formulations. 
7.2.2.2. SEM studies 
Figure-7.2 represents the SEM photographs of polyaniline and nylon-6 
while the SEM photographs of selected composite materials presented in 
figure-7.3. The formation of homogeneous composites of polyaniline in the 
matrix of nylon-6 is evidently observed in figure-7.2 (a) and figure-7.2 (b) and 
figure-7.3. A gradual increase in polyaniline content in the composites with 
increase in aniline content in the reaction mixture is also supported by SEM 
studies. 
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(a) PAN! 
(b) N6 
Figure-7.2. SEM photographs of (a) polyanilme (PANI) and (b) nylon-6 (N6) 
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Figure-7.3. SEM photographs of polyan:line:nyloii-6 (PANI:N6) composites-
la) PANI:N6-1, (b) PANI:N6-3, (c) PANI:N6-5, (d) PANI:N6-7 
and (e) PANI:N6-9. 
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Figure-7.3. Continued.. 
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(e) PANI:N6-9 
Figure-7.3. Continued. 
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7.2.2.3. Electrical properties 
Thus prepared polyaniline:nylon-6 composites were observed to show 
the enhanced electrical conductivity on exposure to HCl, due to the charge-
transfer reaction between polyaniline and doping agents as given under for HCl 
doping of polyaniline [24-25]-
[PANI(N6)] + n HCl-> [PANI(N6)f"(n Cf) 7.5 
The electrical conductivity of the composites was measured from 35°C 
to 130°C on pressed pellets and found in the semi conducting region as 
presented in table-7.3. The electrical conductivity increases with increase in 
polyaniline content in the composite at any particular temperature from 10'^  to 
10"^  S cm'\ All the composite samples in principle follow Arrhenius equation 
for temperature dependence of electrical conductivity as evident from figure-
7.4 and suggest the semi conducting nature of the materials. No semiconductor 
to metal transition or the effect of approaching nearer to Tg is supported by the 
Arrhenius plots as no deviations from straight line was observed at higher 
temperatures. While the electrical conductivity HCl doped PAN1:N6-1 and 
PANT:N6-2 composites in insulating region suggests that the polyaniline 
concentrations in these composites are well below the percolation threshold* 
7.2.2.4. TGA studies 
In presence of atmospheric oxygen, the polymers containing low 
dissociation energy bonds are the most susceptible to oxygen attack whereas 
polymers containing phenyl group, C-F, fused rings etc. are expected to show 
higher oxidative stability at elevated temperatures. Another reason for lower 
thermal stability of polymers than usually expected is due to the accidental 
inclusion of weak linkages in the main chain. While the presence of aromatic 
moieties in polyaniline will impart a better oxidative stability, the presence of 
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Figure-7.4. Temperature dependence of DC electrical conductivity of 
polyaniline:nylon-6 composites- (a) PANI:N6-3, (b) PANI:N6-4, 
(c) PANI:N6-5, (d) PANI:N6-6, (e) PANI:N6-7, (f) PANI:N6-8, 
(g) PANI:N6-9 and (h) PANI:N6-10. 
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Figure-7.4. Continued. 
(d) PANI:N6-6 
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C-N linkages will make it susceptible to oxygen attack. The doped polyaniline, 
like other p-type doped conductive polymers, would be expected to be stable to 
oxygen but will be susceptible to the reaction with strong doping agents. The 
presence of hydrogen bonding does cause stiffness in polyamides and raised 
melting temperature hence a better thermal stability. Its environmental 
stability towards acids, alkalies, light and water is also fairly good probably 
due to hydrogen bonding although the amide groups present in the backbone 
are susceptible to attack degradants [26-30]. 
The thermogravimetric analysis of undoped polyaniline, nylon-6 and 
polyaniline:nylon-6 (PANI:N6) composites are presented in table-7.4 and 
table-7.5. Figure-7.5 shows the TGA and DTA of the undoped polyaniline and 
nylon-6 whereas figure-7.6 corresponds to the composites of polyaniline and 
nylon-6 (PANI:N6). In polyaniline, the initial weight loss of around 4% by 
100°C is due to the removal of moisture present in the polymer. There is 
extremely little weight loss (2.25%) up to 275°C, which strongly suggests that 
the material is thermally stable up to 275°C under oxidative conditions. The 
thermo-oxidative degradation starts beyond this temperature accompanied with 
a massive weight loss in the polymer as shown in figure-7.5 (a). A strong 
exothermic peak in DTA at 512°C corresponds to this degradation. In nylon-6, 
the weight loss of around 4% up to 330°C indicates its good thermal stability, 
which may be attributed to loss of moisture or other volatile constituents 
present in the polymer. The thermo-oxidative degradation of nylon-6 beyond 
this temperature is supported by the massive weight loss, which is associated 
with three simultaneous exothermic DTA peaks at 430 °C, 477 °C and 515 X. 
The endothermic DTA peak at 220°C may be attributed to the melting of 
nylon-6. 
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Table-7. 4. DTA and TGA studies of polyaniline (PANI) and nylon-6 (N6). 
Sample 
ID 
z 
< 
DTA 
Peak temp. 
rc) 
512 
220 
430 
477 
515 
Comment 
Exo 
Endo 
Exo 
Exo 
Exo 
TGA 
Temperature 
range r C ) 
0-92 
92-275 
275-660 
0-90 
90-334 
334-473 
473-562 
% wt. lose 
4.42 
2.25 
93.30 
0.6 
3.7 
86.1 
9.5 
Table-7.5. DTA and TGA studies of polyaniline:nylon-6 (PANI:N6) composites. 
Sample 
ID 
1 
SO 
1 
z. 
< 
OH 
1 
< 
P4 
1 
< 
a. 
1 
Z 
Z 
< 
ON 
DTA 
Peak temp. 
rc) 
212 
330 
528 
578 
212 
314 
465 
210 
312 
460 
209 
326 
360 
490 
208 
327 
365 
488 
Comment 
Endo 
Exo 
Exo 
Exo 
Endo 
Exo 
Exo 
Endo 
Exo 
Exo 
Endo 
Exo 
Exo 
Exo 
Endo 
Exo 
Exo 
Exo 
Temperature 
range rC) 
0-90 
90-281 
281-363 
363-468 
468-590 
0-87 
87-272 
272-318 
318-447 
447-616 
0-85 
85-257 
257-317 
317-457 
457-593 
0-93 
93-248 
248-338 
338-468 
468-605 
0-93 
• 93-261 
261-329 
329-466 
466-623 
TGA 
% wL lose 
0.9 
1.01 
13.3 
57.5 
26.8 
1.4 
4.5 
25,9 
26.2 
40.0 
2.6 
3.1 
17.8 
32.2 
39.8 
3.8 
1.9 
18.1 
32.2 
42.3 
3.6 
1.8 
17.0 
36.0 
41.3 
Endo- Endothermic peak; Exo-Exothermic peak. 
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Figure-7.5. TGA and DTA of (a) polyaailine and (b) nylon-6. 
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Figure-7.6. TGA and DTA of poly aniline: nyloii-6 conposites- (a) PANI:N6-1, 
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(d) PANI:N6-7 
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As evident from figure-7.6 and table-7.5 initial weight loss of 2% to 4% 
of the composites by 100°C may be due to loss of water. A small endothermic 
peak appears around 210°C, which may be attributed to the melting of nylon-6. 
Then the simultaneous exothermic peaks for DTA appear while the TGA curve 
indicates the massive weight loss of the materials on further heating. The peaks 
are due to the oxidative degradation of nylon-6 and polyaniline [19,21,29-32]. 
The onset temperatures of thermo-oxidative degradation in composite materials 
were observed to be lower than the individual components and found to be 
dependent on the composition of the composite materials. The onset of 
temperature of thermo-oxidative degradation is higher at higher nylon-6 or 
polyaniline content due to higher thermo-oxidative stability of both the 
polymers. The onset temperature of thermo-oxidative degradation was 
observed to be low at the moderate concentration of either polymer in the 
composite. Therefore, it may be inferred from these observations that highly 
conducting composites containing higher polyaniline content are more stable in 
oxidative conditions as evident from figure-7.6. The last step may be 
associated with the oxidative degradation exclusively of polyaniline, because 
of the gradual increase in the weight loss percentage in this step with increase 
in polyaniline content in the composites. The region of the third step in TGA 
of the composites becomes similar to that of polyaniline with increase in 
polyaniline content in composites. 
7.2.2.5. Stability in terms of DC electrical conductivity 
Three samples, PANI:N6-5, PANl:N6-7 and PANI:N6-9 were selected 
to study the stability of electrical conductivity under isothermal conditions at 
50°C, 70°C, 90°C, 110°C and 130°C. The temperature of the composite was 
maintained at the temperature of study and the DC electrical conductivity was 
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measured at an interval of 15 min in an accelerated ageing experiment. The 
electrical conductivity measured v^ ith respect to the time of accelerated ageing 
is presented in table-7.6 and figure-7.7 (a, b and c). It has been observed that 
the electrical conductivity is more or less stable at 50°C, 70°C and 90°C that 
supports the fact that the composites are sufficiently stable under ambient 
temperatures in terms of DC electrical conductivity. The electrical 
conductivity decrease with time at 110°C and 130*'C may be attributed to the 
loss of dopant and the chemical reaction of dopant with polymer. 
One of the composites (PANI:N6-9) was selected to check the stability 
in terms of the electrical conductivity retention by cyclic technique as 
explained in experimental. The composite showed a gradual increase in 
electrical conductivity up to cycle-5 with little decrease in electrical 
conductivity in cycle-4, the data is presented in table-7.7 and the Arrhenius 
plots of the study are presented in figure-7.8- The increase in electrical 
conductivity may be attributed to the annealing and crystallization of polymer 
leading to the homogeneous doping and decrease in percolation threshold. 
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TabIe-7.6. Stability of DC electrical conductivity of polyaniline:nyloii-6 (PANI:N6) 
composites (under isothermal condition). 
Temperature 
(»C) 
o 
O 
o 
o 
o 
Time 
(min) 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
DC Electrical Conductivity (Scm') 
PANI:N6-5 
xlO"^ 
0.1949 
0.2035 
0.2122 
0.2205 
0.2308 
0.4144 
0.4264 
0.5001 
0.4858 
0.5131 
0.8467 
0.9189 
1.0398 
0.9961 
1.1621 
2.5017 
2.1403 
1.6324 
1.3285 
1.0160 
6.3870 
4.4632 
2.7048 
2.3343 
1.6306 
PA]VI:N6-7 
xlO^ 
0.9736 
1.0054 
1.0246 
1.0042 
1.0575 
1.4766 
1.4752 
1.5899 
1.7239 
1.8485 
2.3172 
2.4692 
2.7139 
2.8689 
2.8689 
3.0739 
3.0739 
2.6896 
2.1032 
1.4949 
3.5028 
2.9820 
2.1926 
1.5539 
1.3683 
PANI:N6-9 
xlO"" 
1.4338 
1.4865 
1.5698 
1.6078 
1.6201 
2.0121 
2.2343 
2.3960 
2.5291 
2.8015 
3.0099 
3.3413 
3.6788 
3.6788 
3.7937 
4.0953 
3.5644 
2.8728 
2.1980 
2.0243 
5.1253 
3.0981 
2.7257 
2.6209 
2.1525 
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»^^ 
(b) PANI:N6-7 
Figure-7.7. Isothermal stability of (a) PANI:N6-5, (b) PANI:N6-7 and (c) PANI:N6-9 
composites in terms of retention of DC electrical conductivity with respect 
to time at 50"C, 70"C, 90"C, 110"C and 130"C. 
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TabIe-7.7. Stability of DC electrical conductivity of polyaniline: 
nylon-6 (PANI:N6-9) composite (cyclic technique). 
Temperature 
ro 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
DC Electrical Conductivity a x lO"* (Scm'^ ) 
Cycle-1 
0.5817 
0.6317 
0.6600 
0.6975 
0.7110 
0.73595 
0.7706 
0.8508 
0.9496 
2.1027 
2.1645 
2.2644 
2.5340 
2.5707 
2.7716 
2.9971 
3.0120 
3.0193 
3.3138 
3.1058 
Cycle-2 
1.0532 
1.1712 
1.3064 
1.4609 
1.6569 
1.9136 
2.0902 
2.3028 
2.5635 
2.8306 
3.0879 
3.3138 
3.6721 
3.8819 
4.1172 
4.3828 
4.6851 
4.8524 
5.2257 
5.4347 
Cycle-3 
1.2023 
1.3173 
1.4346 
1.4609 
1.6773 
1.8612 
2.0842 
2.2892 
2.5389 
2.8306 
3.1451 
3.3697 
3.7244 
3.9838 
4.0976 
4.3459 
4.4817 
4.6263 
4.7805 
5.1220 
Cycle-4 
0.8439 
0.9306 
1.0293 
1.1514 
1.4153 
1.5798 
1.6773 
1.7661 
1.9402 
2.0872 
2.3348 
2.4599 
2.5991 
2.7551 
2.9309 
3.0612 
3.2036 
3.3599 
3.5322 
3.8265 
Cycle-5 
1.1322 
1.2023 
1.3191 
1.4302 
1.6174 
1.7877 
1.9409 
2.1566 
2.3836 
2.6128 
2.8306 
3.0879 
3.3967 
3.6721 
3.9961 
4.2459 
4.5289 
4.8524 
4.7176 
4.9872 
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CHAPTER-8 
f ^ ^ ^ 
Chapter-8 
Polyaniline:nylon-6,6 (PANI:N66) composites 
8.1. Introduction 
Polymers have traditionally been utilized in electrical and electronic 
applications because of their high registivities and excellent dielectric 
properties. Research and development work have demonstrated the possibility 
of obtaining polymers with ahnost all properties typical of metals and semi-
conductors except electrical conductivity. Hence, they have been used as 
insulators and they remained imsuccessful in replacing metals and semi-
conductors in electrical and electronic appUcations. It is pre-qualification for 
any electrical or electronic applications; a conducting material should have 
stable electrical properties in the environment of its application [1-9]. 
Among the wide variety of conducting polymers polyaniline (PANI) 
occupies an important place due to its preparation from cheap raw materials, 
easy synthesis procedure, fairly good thermal and environmental stability 
[10-15]. 
Li polyamide, an increase in the lattice energy of a crystallite is obtained 
when the three dimensional order is stabilized by intermolecular hydrogen 
bonding. As compared to polyethylene (PE), the polyamides have additional 
cohesive energy because of the hydrogen bond (~ 24 kJmol"'), which 
strengthens the crystalline region and raises the melting temperature. This 
effect is stronger when regular, evenly spaced amide groups exist in the chain, 
like in the nylon-6,6. Besides good mechanical properties, nylon-6,6 
possesses good heat and environmental stability and hence it is used vigorously 
as a replacement material for metals to prepare gears, bearings, guide bushes, 
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tyre cords etc. [16-20]. In this chapter, the preparation and characterization of 
polyanihne:nylon-6,6 (PANI:N66) composites will be presented. 
8.2. Results and discussion 
8.2.1. Preparation 
VvTien aniline is oxidized in acidic aqueous medium with potassium 
persulphate, tlie protonated and conducting form of polyaniline is produced 
within nylon-6,6 matrix as given in the following chemical reaction-
4 Ph-NH3^ + 5 S208^ " -^ 2 -[-Ph-NH-Ph-NH^-j- + 12 i f + 10 S04 '^ .... 8.1 
The color change from dark green to sky blue is associated with the 
neutralization of positive charges on protonated PANI chains during washing 
with doubly distilled water. The process may be treated as n-type doping of a 
p-type doped polymer in which a polymer passes through an insulating state. 
SchdllhOm and Zagefka [21] have suggested a redox reaction for ammonia or 
amine intercalation into layered metal chalcogenides, which has been further 
supported by the work of Foot and Shaker [22]. An analogous dispropor-
tionation reaction for water is also suggested by F. Mohammad [23]. The 
overall chemical reactions for disproportionation of ammonia and water are 
given in the following equations-
8NH3 -^ 6NH4^ + 6e' + N2 8.2 
6H2O ^ 4H30^ + 4e-+ O2 8.3 
The charge neutralization reaction depends on the rate of chemical 
reaction between the polymer and dopant which in turn will depend upon the 
reactivity of polymer chain and the basic strength of dopant [23]. The basic 
strength of water is very low, hence does not effectively act as an undoping 
agent in case of formic acid doped polyaniline. 
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However, undoping was observed in case of polyaniline:nylon-6,6 
composites on washing with distilled water, which accompanied by a color 
change from green to light brown to black as well as the loss of electrical 
conductivity. The neutralization reactions of polyaniline:nylon-6,6 (formic acid 
doped) composites by water may be suggested as-
[PAN1(N66)]^(nHCOO) + nHjO^ + ne"^PANI(N66) + nHCOOH + nH2O 8.4 
The modified method of composite preparation by oxidative 
polymerization of aniline in the soluble matrix of nylon-6,6 is found to be 
extremely effective as the yield of the composites foimd to be as high as >96 
%, minimum 75.5% in case of PANI:N66-1 and average of 86.5 %. The yield, 
in general, increases with increase in aniline concentration in the reaction 
mixture as evident from table-8.1. 
8.2.2. Characterization 
8.2.2.LFTIR studies 
The FTIR specfra of polyaniline, nylon-6,6 and polyaniline:nylon-6,6 
(PANI:N66) composites are presented in figure-8.1 and the tabulated from of 
the FTIR peak positions are presented in table-8.2. 
The band corresponding to out of plane bending vibration of C-H bond 
of p-disubstituted benzene rings appears at 824 cm'\ The bands corresponding 
to sfretching vibrations of N-B-N and N^Q^N structures appear at 1497 cm"^  
and 1587 cm'^  respectively where -B- and =Q= stand for benzenoid and 
quinoid moieties in the polymer. The bands corresponding to vibration mode 
of N=Q=N ring and stretching mode of C-N bond appear at 1143 cm"' and 
1302 cm'. The FTIR spectrum supports the presence of benzenoid as well as 
quinoid moieties in the polyaniline. The characteristic bands at around 688, 
1642, 3303 cm"' attributed to nylon-6,6 are present in all tlie composites. 
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Table-8.1. Preparation of polyaniline:nyIon-6,6 (PANI:N66) 
composites. 
Sample 
ID 
PANI:N66-1 
PANI:N66-2 
PANI;N66-3 
PANI:N66-4 
PANI:N66-5 
PANI:N66-6 
PANI:N66-7 
PANI:N66-8 
PANI:N66-9 
PANI:N66-10 
Yield 
(g) 
0.831 
1.11 
1.03 
1.19 
1.21 
1.22 
1.57 
1.69 
1.81 
1.96 
(%) 
75.54 
91.66 
79.23 
86.42 
80.66 
76.25 
91.48 
92.93 
94.23 
96.88 
Color 
As-prepared 
Light green 
Light green 
Green 
Green 
Dark green 
Dark green 
Dark green 
Dark green 
Dark green 
Dark green 
Undoped 
Light brown 
Dark brown 
Black 
Black 
Black 
Black 
Black 
Black 
Black 
Black 
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Figure-8.1. FTIR spectra of poiyaniline:nylon-6,6 (PANI:N66) composites- (a) PANI:N66-1, 
(b) PANI:N66-2, (c) PANl:N66-3, (d) PANr:N66-4, (e) PANI:N66-5, (0 PANr.N66-6, 
(g) PAN[:N66-7, (h) PANr:N66-8, (i) PANI:N66-9, (j) PANI:N66-10, (k) N66 and 
(I) PANL 
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Figure-8.1. Continued... 
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Figure-8.1. Continued... 
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Figure-8.1. Continued. 
304 
;^ 
I—< 
< 
w 
e 
e 
e 
es 
>^ 
o 
c< 
•a 
B 
B 
o 
< 
_B 
*B 
es 
a. 
O 
B 
u 
B 
O 
o 
a. . 
CS *•» 
% '35 
^ c 
H o 
to " 
Z 
es 
H 
.- o 
a:z: 
Z NO 
2z 
^ «7 
Z vo 
2z 
Zvi 
2z 
Z V9 
£z 
Z vo 
OiZ 
Z v i 
5z 
Z v i 
£z 
z3 
Sz 
V5 
Z 
z 
< 
G \ 
-* 
0 \ 
O 
CN 
O 
O 
O 
o 
oo 
oo 
c^ 
<N 
•/-I 
<s 
f S 
f s 
r--
o 
0 0 
o 
O 
o 
0 0 
o 
O 
vO 
o 
CN 
0 0 
o o 
<N 
vO 
<N 
O 
0 0 
( S 
O 
<3^ 
<N 
0 0 
o 
0 0 
vO 
oo 
VO 
m 
i n 
>/^ 
0 0 
•n 
<n 
0 0 
ON 
•n 
oo 
>n 
0 0 
t s 
0 0 
0 0 
0 0 
0 0 
OO 
Cv 
0 0 
VO 
0 0 
VO 
>n 
C<1 
VO 
CS 
VO 
< S 
3 
VO 
CS 
VO 
en 
CS 
0 0 
V I 
m 
CN 
0 0 
v> 
O 
vO 
oo 
CS 
0 0 
v^ 
0 0 
VO 
v ^ 
0 0 
• O 
Ov 
C«1 
V O 
en 
VO 
VO 
VO 
VO 
VO 
0 0 
VO 
VO 
cn 
CS 
oo 
oo 
v^ 
c^  
ov 
•q-
o 
vO 
v- i 
VO 
0 0 
V I 
0 0 
v% 
0 0 
V ) 
VO 
m 
v i 
v% 
CS 
CS 
> * 
CS 
V I 
V l 
o 
o 
o 
v ^ 
CS 
o 
0 0 
o 
VO 
VO 
VO 
VO 
C4 
CS 
O 
VO 
en 
0 \ 
vO 
CS 
o 
Ov 
VO 
c^  
V O 
oo 
V O 
0 0 
m 
^ 
o 
V I 
ov 
o 
o 
o 
en 
C I 
CS 
en 
r-
CS 
v^ 
CS 
V I 
CS 
o 
r-
0 0 
O 
O 
o 
C S 
0 0 
Ov 
CS 
0 0 
en 
c^  
oo 
o\ 
0 0 
Ov 
0 0 
Cv 
0 0 
cs 
w 
Cv 
V^ 
Ov 
C3V 
0 0 
VO 
r-
v> 
o 
c^  
en 
0 0 
CS 
VO 
VO 
VO 
VO 
O 
O 
CS 
CS 
0 0 
CS 
0 0 
V I 
v-1 
C3V 
Ov 
0 0 
0 0 
0 0 
VO 
en 
en 
ov 
•* 
• * 
v> 
V i 
VO 
0 0 
CS 
0 0 
VO 
o 
v^ 
en 
CS 
OS 
V I 
0 0 
en 
CS 
f S 
0 0 
•<1-
m 
O 
v l 
o 
' i t 
v^ 
o 
V I 
o 
v> 
1-^ 
oo 
V l 
•<1-
vo 
0 0 
V I 
o 
v> 
0 0 
VO 
V I 
CS 
0 0 
en 
en 
Ov 
en 
O V 
m 
v^ 
Ov 
en 
Ov 
en 
O 
V I 
VO 
o 
v^  
r-
0 0 
vO 
Ov 
C~l 
0 0 
VO 
CS 
oo 
Ov 
0 0 
VO 
0 9 
0 0 
VO 
o 
oo 
v-1 
V I 
o 
V ) 
0 0 
r-
v-1 
0 0 
VO 
0 0 
0 0 
VO 
o 
0 0 
CS 
0 0 
U-1 
o 
V I 
o 
en 
V I 
0 0 
V I 
ov 
V l 
en 
V ) 
en 
V I 
O 
en 
V l 
en 
v^ 
V I 
O 
305 
As-prepared polyanilme:nylon-6,6 composites showed a strong band 
around 1642 cm" corresponding to carbonyl group of nylon-6,6. For 
polyaniline, the band corresponding to out of plane bending vibration of C-H 
bond of p-disubstituted benzene ring appears around 824 cm'\ The bands 
corresponding to stretching vibrations of N-B-N and N=Q=N structures appear 
around 1377 cm' and 1500 cm"' respectively (where -B- and =Q= stand for 
benzenoid and quinoid moieties in the polymer). The band corresponding to 
stretching mode of C-N bond appears at 1304 cm"' [24-28]. The gradual 
increase in the intensities of the bands corresponding to polyaniline and 
decrease in the intensities of the bands corresponding to nylon-6,6 support the 
gradual change in the composition of the composite formulations as evident 
fromfigure-8.1. 
8.2.2.2. SEM studies 
Figure-8.2 represents the SEM photographs of polyaniline and nylon-6,6 
respectively and the SEM photographs of selected polyaniline:nylon-6,6 
composites shown in figure-8.3. The formation of homogeneous composites of 
polyaniline in the matrix of nylon-6,6 is evidently observed in figure-8.2 (a) 
and figure-8.2 (b) and figure-8.3. A gradual increase in polyaniline content in 
the composites with increase in aniline content in the reaction mixture is also 
supported by SEM studies. 
8.2.2.3. Electrical properties 
Polyaniline:nylon-6,6 composites were observed to show the enhanced 
electrical conductivity on exposure to HCl due to the charge-transfer reaction 
between polyaniline and doping agents [ 29,30]. 
[PANI(N66)] + n HCl ^ [PAN1(N66)]^(n CI") 8.5 
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(a) PANI 
\ ! ! \ ^ < ^ , * < ^ \ , 
y< -' 
EHT=10.e0 kU 
3)JII ' 
UD= 11 m 
Photo No.=l 
Mag= 3.88 K X 
DotBctor= SEl 
(b) N66 
Figure-8.2. SEM photographs of (a) pclyaniline (PANI) and (b) nylon-6,6 (N66) 
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(a) PANI:N66-1 
(b) PANI:N66-3 
Figure-8.3. SEM photographs of polyaQilme:nylon-6,6 (PANI:N66) composites-
la) PANI:N66-1, (b) PANI:N66-3, (c) PANI:N66-5, (d) PANI:N66-7 
and (e) PANI:N66-9. 
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(c) PANI:N66-5 
(d) PANI:N66-7 
Figure-8.3. Continued... 
309 
(e) PANI:N66-9 
Figure-8.3. Continued. 
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Electrical conductivity of the composites was measured from 35°C to 
130°C on pressed pellets and found in the semiconducting region as presented 
in table-8.3. The electrical conductivity increases with increase in poly aniline 
content in the composite at any particular temperature from 10'^  to 10"^  S cm ^ 
All the composites samples in principle follow Axrhenius equation for 
temperature dependence of electrical conductivity as evident from figure-8.4 
and suggest die semiconducting nature of tlie materials. No semiconductor to 
metal transition or the effect of approaching nearer to Tg is supported by the 
Arrhenius plots as no deviation from straight line was observed at higher 
temperatures. While the electrical conductivity of HCl doped PANI:N66-1 and 
PANI:N66-2 composites in insulating region. This behavior of the first two 
samples suggests that the polyaniline concentrations in these composites are 
well below the percolation threshold. 
8.2.2.4. TGA studies 
In presence of atmospheric oxygen, the polymers containing low 
dissociation energy bonds are the most susceptible to oxygen attack whereas 
polymers containing phenyl group, C-F, fiised rings etc. are expected to show 
higher oxidative stability at elevated temperatures. Another reason for lower 
thermal stability of polymers than usually expected is due to the accidental 
inclusion of weak linkages in the main chain. While the presence of aromatic 
moieties in polyaniline will impart a better oxidative stability, the presence of 
C-N linkages will make it susceptible to oxygen attack. The doped polyaniline, 
like other p-type doped conductive polymers, would be expected to be stable to 
oxygen but will be susceptible to the reaction with strong doping agents. The 
presence of hydrogen bonding does cause stiffness in polyamides and raised 
melting temperature hence a better thermal stability. Its environmental 
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Figure-8.4. Temperature dependence of DC electrical conductivity of 
polyaniline:nylon-6,6 composites- (a) PANI:N66-3, (b) PANI:N66-4, 
(c) PANI:N66-5, (d) PANI:N66-6, (e) PANI:N66-7, (f) PANl:N66-8, 
(g) PANI:N66-9 and (h) PANI:N66-10. 
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stability towards acids, alkalies, light and water is also fairly good probably 
due to hydrogen bonding although the amide groups present in the backbone 
are susceptible to attack of degradants [31-35]. 
The thermogravimetric analysis of undoped polyaniline, nylon-6,6 and 
polyaniline:nylon-6,6 (PANI:N66) composites are presented in table-8.4 and 
table-8.5. Figure-8.5 shows the TGA and DTA of the undoped polyaniline and 
nylon-6,6 whereas figure-8.6 corresponds to the composites of polyaniline and 
nylon-6,6 (PANI:N66). In polyaniline, the initial weight loss of around 4% by 
100°C is due to the removal of moisture present in the polymer. There is 
extremely little weight loss (2.25%) up to 275°C, which strongly suggests that 
the material is thermally stable up to 275°C under oxidative conditions. The 
thermo-oxidative degradation starts beyond this temperature accompanied with 
a massive weight loss in the polymer as sho\vn in figure-8.5 (a). A strong 
exothermic peak in DTA at 512°C corresponds to this degradation, hi nylon-
6,6, the initial weight loss of around 8% up to 380°C may be attributed to the 
loss of moisture or other volatile constituents present in the polymer. This 
indicates its good thermal stability. Above this temperature, a massive weight 
loss of nylon-6,6 is observed in the TGA cuive, which is due to the thermo-
oxidative degradation of the polymer backbone. Two simultaneous exotliermic 
DTA peaks at 398°C and 459T are associated with the weight loss. The 
endothermic DTA peak at 254°C due to the melting of nylon-6,6. 
As evident from figure-8.6 and table-8.5 initial weight loss of 2% to 4% 
in the polyaniline:nylon-6,6 composites below lOO^ C may be due to loss of 
water. A small endothermic peak appears around 254^ 0^ which may be 
attributed to the melting of nylon-6,6. Then a range of exothermic peaks for 
DTA appear while the TGA curve indicates the weight loss of the materials on 
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Tablc-8.4. DTA and TGA studies of polyaniline (PAN!) and nylon-6,6 (N66). 
Sample 
ID 
z 
< 
a. 
NO 
DTA 
Peak temp. ("C) 
512 
254 
398 
459 
Comment 
Exo 
Endo 
Exo 
Exo 
TGA 
Temperature 
range T Q 
0-92 
92-275 
275-660 
0-120 
120-382 
382-461 
461-574 
574-840 
% wt. lose 
4.42 
2.25 
93.30 
2.11 
7.45 
69.52 
15.62 
TabIe-8.5. DTA and TGA studies of polyaniline:ny1on-6,6 (PANI:N66) composites. 
Sample 
ID 
Z 
z • 
< 
a. 
Z 
z • 
< 
Z 
z • 
< 
a. 
Z 
» >^  
Z ' 
Cu 
VO 
Z 
^ a\ 
Z ' 
< 
DTA 
Peak temp. C Q 
254 
334 
443 
541 
255 
332 
458 
500 
253 
325 
466 
522 
249 
327 
444 
525 
254 
348 
456 
500 
Comment 
BKIO 
Exo 
Exo 
Exo 
Endo 
Exo 
Exo 
Exo 
Endo 
Exo 
Exo 
E.\o 
Endo 
Exo 
Exo 
Exo 
Endo 
E.XO 
Exo 
Exo 
TGA 
Temperature range 
0-79 
79-287 
287-421 
421-472 
472-595 
0-81 
71-280 
280424 
424-456 
456-585 
0-84 
74-284 
284-417 
417-466 
466-595 
0-83 
83-254 
254-349 
349-447 
447-625 
0-84 
74-287 
287-350 
350-458 
458-580 
% w t lose 
1.9 
1.0 
20.2 
48.4 
28.6 
2.0 
0.9 
31.7 
20.2 
44.7 
2.8 
2.0 
23.4 
22.3 
48,9 
3.5 
3.8 
16.2 
23.4 
52.7 
3.1 
26 
13.9 
28.8 
51.7 
Endo- Endothermic peak; Exo-Exothermic peak. 
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Figure-8.5. TGA and DTA of (a) polyaniline and (b) nylon-6,6. 
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Figure-8.6. TGA and DTA of polyaniline:nylon-6,6 conposites- (a) PANI:N66-1, 
(b) PANI:N66-3, (c) PANI:N66-5, (d) PANI:N66-7 and 
(e) PANI:N66-9. 
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further heating. The materials were stable up to 280°C. The onset 
temperatures of thermo-oxidative degradation of composite materials were 
observed to be lower than the individual constituents. The exothermic peaks 
may be attributed to the oxidative degradation of nylon-6,6 and polyaniline 
[34-37]. The last step may be associated with the oxidative degradation 
exclusively of polyaniline, because of the gradual increase in the percentage 
weight loss in third step (in between 460°C to 590°C) with the gradual increase 
in polyaniline content in the composites. The region of the third step in TGA 
of the composites, become similar to that of polyaniline with the increase in 
polyaniline content in composites. The gradual increase in the weight loss in 
the last step with the increase in aniline concentration in the mixture also 
supports the fact (figure-8.6). 
8.2.2.5. Stability io terms of DC electrical conductiivity 
Three samples, PANI:N66-5, PANI:N66-7 and PANI:N66-9 were 
selected to study the stability of electrical conductivity under isothermal 
conditions at 50°C, 70°C, 90°C, HOT and 130T. The temperature of the 
composite film was maintained at the temperature of study and the DC 
electrical conductivity was measured at an interval of 15 min in an accelerated 
ageing experiment. The electrical conductivity^ measured with respect to the 
time of accelerated ageing is presented in table-8.6 and figure-8.7 (a, b and c). 
It has been observed that the electrical conductivity is more or less stable at 
50°C, 70°C and 90°C that supports the fact that the composites are sufficiently 
stable under ambient temperatures in terms of DC electrical conductivity. The 
electrical conductivity decreases with time at I lO^C and 130^C may be 
attributed to the loss of dopant and the chemical reaction of dopant with 
polymer. 
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Table-8,6. Stability of DC electrical conductivity of polyaniline:nyIon-6,6 (PANI:N66) 
composites (under isothermal conditions). 
Temperature 
rc) 
o 
o 
o 
o 
Time 
(min) 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
DC Electrical Conductivity (Scm^) 
PANI:N66-5 
x lO ' 
0.5524 
0.5589 
0.5828 
0.6089 
0.6188 
0.8555 
0.8698 
0.8932 
0.9900 
0.9900 
1.2585 
1.3313 
1.3628 
1.3313 
1.3548 
5.1622 
5.2371 
5.0363 
4.6528 
4.2520 
6.3211 
5.6832 
4.3075 
3.6701 
3.1550 
1 
PANI:N66-7 
xlO^ 
0.9548 
0.9731 
1.0159 
1.0495 
1.1189 
1.4269 
1.4941 
1.4597 
1.5301 
1.5678 
2.0819 
2.1896 
L 2.0991 
2.2280 
2.3961 
2.2994 
2.1154 
1.8352 
1.5666 
1.2977 
2.9909 
2.3731 
2.0678 
1.6767 
1.4955 
PANI:N66-9 
xlO"* 
1.1172 
1.1223 
1.1404 
1.1537 
1.1701 
1.6114 
1.6114 
1.6353 
1.6641 
1.7115 
1.6402 
1.6770 
1.7286 
1.6938 
1.7648 
2.3673 
2.3518 
1.9845 
1.8243 
1.6262 
2.3861 
2.2442 
1.9629 
1.5325 
1.3814 
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Figure-8.7. Isothermal stability of (a) PANI:N66-5, (b) PANI:N66-7 and (c) PANI:N66-9 
composites in terms of retention of DC electrical conductivity with respect 
to time at SO^C, 70"C, 90'*C, 110"C and 130"C. 
325 
30 40 
Time (mln) 
50 
-X-temp 50 
-•—temp 70 
-A-temp 90 
-e- temp 110 
- * - t emp i 30 
(K) 70 
(c) PANI:N66-9 
Figure-8.7. Continued. 
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One of the composites (PANI:N66-9) was selected to test the stability in 
terms of the electrical conductivity retention by cyclic technique as explained 
in experimental. The composite showed a gradual increase in electrical 
conductivity up to cycle-5 with little decrease in electrical conductivity in 
cycle-4, the data is presented in table-8.7 and the Arrhenius plots of the study 
are presented in figure-8.8. The increase in electrical conductivity may be 
attributed to the annealing and crystallization of pol>'mer leading to the 
homogeneous doping and decrease in percolation threshold. 
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Table-8.7. Stability of DC electrical conductivity of polyaniline:nylon-6,6 
(PANI:N66-9) composite (cyclic technique). 
Temperature 
rc) 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
DC Electrical Conductivity a x 10"* (Scm^) 
Cycle-1 
0.8841 
0.9013 
0.9J41 
0.9573 
1.0018 
1.0405 
1.0575 
1.0858 
1.1112 
1.1767 
1.2351 
1.2690 
1.3048 
1.3770 
1.4008 
1.4192 
1.4318 
1.4511 
1.4576 
1.4843 
Cycle~2 
0.9835 
1.0240 
1.0609 
1.1082 
1.1394 
1.1940 
1.2211 
1.2494 
1.2943 
1.3262 
1.3596 
1.3948 
1.4255 
1.4708 
1.5483 
1.6343 
1.6510 
1.6853 
1.6942 
1.7031 
Cycle-3 
1.0284 
1.0554 
1.1024 
1.1455 
1.1791 
1.2056 
1.2623 
1.3139 
1.3412 
1.3640 
1.3875 
1.4243 
1.4766 
1.5184 
1.5702 
1.6340 
1.6942 
1.7495 
1.7785 
1.8187 
CycIe-4 
1.0219 
1.0554 
1.0875 
1.1455 
1.1922 
1.2286 
1.2673 
1.3032 
1.3412 
1.3935 
1.4371 
1.4766 
1.5256 
1.5779 
1.6258 
1.6766 
1.7495 
1.8187 
1.8500 
1.8825 
Cycle-5 
0.8917 
0.9303 
0.9754 
1.0122 
1.0912 
1.1334 
1.1748 
1.2101 
1.2574 
1.3032 
1.3640 
1.3996 
1.4435 
1.4903 
1.5476 
1.6015 
1.6424 
1.6766 
1.6942 
1.7214 
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CHAPTER-9 
Chapter-9 
Polyanilineiaramide (PANIrAR) composites 
9.1. Introduction 
Polyaniline and its derivatives has been studied extensively for the last 
several years because of their excellent stability under arnbient conditions, ease 
of preparation from cheap raw materials and moderate electrical conductivity 
upon protonic acid doping [1-6]. 
Because of the presence of aromatic rings in the backbone as compared 
to other aliphatic polyamides, the aromatic polyamides (aramides) have high 
thermal stability, good crystalline and fairly high tensile strength. They have 
found extensive applications in military, aeronautic and space industries. Fiber 
made from them has extremely high modulus applied to prepare fiber 
reinforced plastics, bulletproof jackets etc. [7-10]. 
A new aramide has been synthesized and composites were prepared 
with polyaniline by physical mixing. The composites, so prepared, were 
characterized along with their parent constituents by FTIR, SEM, TGA and 
DTA. Their electrical properties were also investigated after doping. 
9.2. Results and discussion 
9.2.1. Preparation of composites 
When aniline is oxidized in acidic aqueous medium with potassium 
persulphate, the protonated conducting form of polyaniline is produced as 
given in the following chemical reaction-
4 Ph-NH3^ + 5 S208 '^ -> 2 -[-Ph-NH-Ph-T^""-]- + 12 H^ + 10 SO4'"... 9.1 
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The color change from dark green to sky blue is associated with the 
neutralization of positive charges on protonated polyaniline (PANl) chains 
during washing with doubly distilled water. The process may be treated as n-
type doping of a p-type doped polymer in which a polymer passes through an 
insulating state. Schollhom and Zagefka [11] have suggested a redox reaction 
for ammonia or amine intercalation into layered metal chalcogenides, which 
has been further supported by the work of Foot and Shaker [12]. On the basis 
of the disproportionation reaction of ammonia as suggested by above workers 
(equation-9.2), F. Mohammad [13 ] also suggested an analogous 
disproportionation reaction for water (equation-9.3). 
8NH3 -> 6NH4^ + 6e' + N2 9.2 
6H2O -> 4H30'^  + 4e" + O2 9.3 
The charge neutralization reaction depends on the rate of chemical 
reaction between the polymer and dopant, which in turn will depend upon the 
reactivity of polymer chain and the basic strength of dopant. The basic 
strength of water is very low, hence does not effectively act as undoping agent 
in case of PANI:HC1. 
[PANI]^(nCr) + nNH4^ + ne-^PANI + nNH4Cl 9.4 
A new aramide was S5aithesized successfully by two different 
poly condensation techniques between aniline and terepthalyldichlodide. The 
polymer obtained is white in color with fairly good yield of- 67.5% in both 
the cases as given in table-9.1. The composites were prepared by physical 
mixing of the polyaniline and aramides. The color of composites from white 
towards the dark brown with the increase in polyaniline percentage is 
understandable (table-9.2). 
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Table-9.1. Yield of the aramides. 
Sample 
Aramide-1 
Aramide-2 
Yield 
(g) 
27.1 
26.9 
% 
67.75 
67.25 
Color 
White 
White 
Table-9.2. Preparation of polyanilineraramide-l (PANI:AR1) and polyaniline:araniide-
2 (PANI:AR2) composites. 
Polyaniline:araniide-l (APNI:AR1) 
Sample 
ID 
PAM:AR1-1 
PANI:ARl-2 
PANI:ARl-3 
PANl:ARl-4 
PANI:ARl-5 
PANI:ARl-6 
PANI:ARl-7 
PANl:ARl-8 
PANI:ARl-9 
PAN1:AR1-10 
Color of the 
composites 
White 
Very light gray 
Light gray 
Light gray 
Gray 
Gray 
Gray 
Gray 
Dark Gray 
Dark gray 
PolyaniIine:aramide-2 (PANI:AR2) 
Sample 
ID 
PANLAR2-1 
PANI:AR2-2 
PANLAR2-3 
PANL.AR2-4 
PANI:AR2-5 
PANLAR2-6 
PANLAR2-7 
PAN1:AR2=8 
PANLAR2-9 
PANLAR2-10 
Color of the 
composites 
White 
Very light gray 
Light gray 
Light gray 
Gray 
Gray 
Gray 
Gray 
Dark Gray 
Dark gray 
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9.2.2. Characterization 
9.2.2.1. FTIR studies 
Figure-9.1 shows the FTIR spectra of poly aniline (PANI), aramide-1 
(ARl) and polyaniline;aramide-l (PANI:AR1) composites. Table-9.3 is the 
tabulated form of the FTIR peak positions of polyaniline (PANI), aramide-l 
(AR2) and polyaniline;aramide-l (PANI:AR1) composites. Figure-9.2 shows 
the FTIR spectra of polyaniline (PANI), aramide-2 (AR2) and polyaniline: 
aramide-2 (PANI:AR2) composites. Table-9.4 is the tabulated form of the 
FTIR peak positions of polyaniline (PANI), aramide-2 (AR2) and polyaniline: 
aramide-2 (PANI:AR2) composites. 
The band corresponding to out of plane bending vibration of C-H bond 
of p-disubstituted benzene rings appears at 824 cm'\ The bands corresponding 
to stretching vibrations of N-B-N and N=Q=N structures appear at 1497 cm* 
and 1587 cm'* respectively where -B- and =Q= stand for benzenoid and 
quinoid moieties in the polymer. The bands corresponding to vibration mode 
of N^Q=N ring and stretching mode of C-N bond appear at 1143 cm* and 
1302 cm'*. The FTIR spectrum supports the presence of benzenoid as well as 
quinoid moieties in the PANI. 
In aramides, the characteristic bands of carbonyl group of amide give a 
doublet or triplet, as we found a long and sharp peak around 1602, 1622 and 
1652, cm'*. Band at 3332 cm'* is due to the N-H stretching vibration, band at 
1402 cm-1 due to the C-N stretching is found. 
As the polyaniline:aramide-l and polyaniline:araitnide-2 composites 
were prepared by physical mixing, all the characteristic peaks were found in 
FTIR spectra of the composites. From the first to the tenth sample, the 
336 
0; 
a 
c 
a 
E 
en 
c 
o 
AOOO 3000 2000 15000 1000 
Wave number (cm~M 
400 
Figure-9.1. FTIR spectra of polyaniline:aramide-l (PANI:AR1) composites- (a) PANI:AR1-1, 
(b) PANl:ARl-2, (c) PANI:ARl-3, (d) PANI:ARl-4, (e) PANI:ARl-5, (0 PANr:ARl-6, 
(g) PANI:ARl-7, (h) PANl:ARl-8, (i) PANI:ARl-9, (j) PANI:ARl-lO, (k) ARl and 
(I) PANL 
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Figure-9.1. Continued... 
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Figure-9.1. Continued. 
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Table-9.3. FTIR peak positions (cm') of poiyaniline (PANI), aramide-l (ARl) and 
polyaniline:aramide-l (PANI:AR1) composites. 
PANI 
3259 
3035 
2846 
2354 
1587 
1497 
1377 
1302 
1241 
1143 
1008 
954 
824 
728 
505 
ARl 
3332 
3060 
3044 
1940 
1652 
1622 
1602 
1538 
1506 
1440 
1402 
1326 
1306 
1266 
1178 
1152 
1126 
1076 
1030 
1020 
978 
914 
886 
864 
818 
750 
730 
692 
662 
596 
532 
512 
436 
412 
PANI:AR1-
1 
3332 
3060 
3044 
1940 
1652 
1622 
1602 
1536 
1506 
1440 
1402 
1326 
1306 
1266 
1178 
1152 
1126 
1076 
1030 
1020 
978 
914 
884 
864 
818 
750 
730 
692 
662 
596 
532 
512 
434 
412 
PANIrARl-
2 
3332 
3060 
3044 
1940 
1652 
1622 
1602 
1536 
1506 
1440 
1402 
1326 
1306 
1266 
1178 
1152 
1126 
1076 
1030 
1020 
978 
914 
886 
864 
820 
750 
730 
692 
662 
596 
532 
512 
436 
412 
PANIiARl-
3 
3332 
3060 
3044 
1940 
1651 
1622 
1602 
1536 
1506 
1440 
1402 
1326 
1306 
1266 
1178 
1150 
1126 
1076 
1030 
1020 
978 
914 
884 
864 
818 
750 
730 
692 
662 
596 
532 
512 
436 
412 
PANIrARl-
4 
3332 
3060 
3044 
1940 
1650 
1620 
1602 
1536 
1506 
1440 
1402 
1326 
1306 
1268 
1180 
1150 
1126 
1078 
1030 
1020 
978 
914 
884 
864 
818 
750 
730 
692 
664 
596 
532 
512 
436 
414 
341 
Table-9.3. Continued. 
PANIrARl-
5 
3332 
3060 
3044 
1940 
1650 
1620 
1602 
1536 
1506 
1440 
1402 
1326 
1306 
1266 
1178 
1150 
1126 
1076 
1030 
1020 
978 
914 
884 
864 
820 
750 
730 
692 
662 
596 
532 
512 
436 
412 
PANIrARl-
6 
3332 
3060 
3044 
1940 
1650 
1620 
1602 
1536 
1506 
1440 
1402 
1326 
1306 
1266 
1178 
1150 
1126 
1076 
1030 
1020 
978 
914 
884 
864 
820 
750 
730 
692 
662 
596 
532 
512 
436 
412 
PANIrARl-
7 
3332 
3060 
3044 
1940 
1650 
1622 
1600 
1536 
1506 
1440 
1402 
1326 
1306 
1266 
1178 
1150 
1126 
1078 
1030 
1020 
978 
912 
884 
864 
820 
750 
730 
692 
662 
596 
532 
512 
434 
412 
PANI:AR1-
8 
3332 
3060 
3044 
1940 
1650 
1620 
1602 
1536 
1506 
1440 
1402 
1326 
1306 
1266 
1178 
1150 
1126 
1078 
1030 
1020 
980 
914 
884 
864 
820 
750 
730 
692 
662 
596 
532 
512 
436 
412 
PANIrARl-
9 
3332 
3060 
3044 
1940 
1650 
1620 
1602 
1536 
1506 
1440 
1402 
1326 
1306 
1268 
1178 
1150 
1126 
1078 
1030 
1020 
980 
914 
884 
864 
820 
750 
730 
692 
664 
596 
532 
512 
436 
412 
PANIrARl-
10 
3332 
3060 
3044 
1940 
1650 
1620 
1602 
1536 
1506 
1440 
1402 
1326 
1306 
1268 
1178 
1150 
1126 
1076 
1030 
1020 
978 
914 
884 
864 
820 
750 
730 
692 
664 
596 
532 
512 
436 
412 
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Figure-9.2. FTIR spectra of polyaniHne:aramide-2 (PANI:AR2) composites- (a) PANI:AR2-1, 
(b) PANI:AR2-2, (c) PANI:AR2-3, (d) PANI:AR2-4, (e) PANI:AR2-5, (0 PANI:AR2-6, 
(g) PANl:AR2-7, (h) PANI:AR2-8, (i) PANI:AR2-9, (j) PANI:AR2-10, (k) AR2 and 
(I) PANI. 
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Table-9.4. FTIR peak positions (cm" )^ of polyaniline (PANI), arainide-2 (AR2) and 
poIyaniline:araniide-2 (PANI:AR2) composites. 
PANI 
3259 
3035 
2846 
2354 
1587 
1497 
1377 
1302 
1241 
1143 
1008 
954 
824 
728 
505 
AR2 
3332 
3060 
3044 
1942 
1684 
1650 
1622 
1602 
1536 
1508 
1440 
1404 
1326 
1306 
1266 
1180 
1126 
1078 
1030 
1020 
916 
886 
864 
818 
750 
732 
692 
664 
596 
532 
512 
436 
PANI:AR2-
1 
3332 
3060 
3044 
1940 
1682 
1652 
1620 
1600 
1536 
1506 
1440 
1402 
1326 
1306 
1266 
1178 
1126 
1076 
1030 
1020 
914 
884 
864 
818 
750 
732 
692 
664 
596 
532 
512 
436 
PANI:AR2-
2 
3332 
3060 
3044 
1940 
1682 
1653 
1620 
1602 
1536 
1508 
1440 
1404 
1326 
1306 
1266 
1180 
1126 
1078 
1030 
1020 
916 
886 
864 
818 
750 
732 
692 
664 
596 
532 
512 
436 
PANI:AR2-
3 
3332 
3060 
3044 
1940 
1680 
1650 
1622 
1602 
1536 
1508 
1440 
1404 
1326 
1306 
1266 
1180 
1126 
1078 
1030 
1020 
916 
886 
864 
818 
750 
732 
692 
664 
596 
532 
512 
436 
PANI:AR2-
4 
3332 
3060 
3044 
1942 
1680 
1651 
1622 
1602 
1536 
1508 
1440 
1404 
1326 
1306 
1266 
1180 
1126 
1078 
1030 
1020 
916 
886 
864 
818 
750 
732 
692 
664 
596 
532 
512 
436 
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Table-9.4. Continued. 
PANI:AR2-
5 
3332 
3060 
3044 
1942 
1684 
1650 
1622 
1602 
1536 
1508 
1440 
1404 
1326 
1306 
1266 
1180 
1126 
1078 
1030 
1020 
916 
886 
864 
818 
750 
732 
692 
664 
596 
532 
512 
436 
412 
PANr:AR2-
6 
3332 
3060 
3044 
1942 
1684 
1650 
1622 
1602 
1536 
1508 
1440 
1404 
1326 
1306 
1266 
1180 
1126 
1078 
1030 
1020 
916 
886 
864 
818 
750 
732 
692 
664 
596 
532 
512 
436 
420 
PANI:AR2-
7 
3332 
3060 
3044 
1942 
1684 
1650 
1622 
1602 
1536 
1508 
1440 
1404 
1326 
1306 
1266 
1180 
1126 
1078 
1030 
1020 
916 
886 
864 
818 
750 
732 
692 
664 
596 
532 
512 
436 
420 
PANI:AR2-
8 
3332 
3060 
3044 
1942 
1684 
1650 
1622 
1602 
1536 
1508 
1440 
1404 
1326 
1306 
1266 
1180 
1126 
1076 
1030 
1020 
916 
886 
864 
818 
750 
732 
692 
664 
596 
532 
512 
436 
420 
PANI:AR2-
9 
'3332 
3060 
3044 
1942 
1684 
1650 
1622 
1602 
1536 
1508 
1440 
1404 
1326 
1306 
1266 
1180 
1126 
1078 
1030 
1020 
916 
886 
864 
818 
750 
732 
692 
664 
596 
532 
512 
436 
418 
PANI:AR2-
10 
3332 
3060 
3044 
1942 
1684 
1650 
1618 
1600 
1536 
1508 
1440 
1404 
1326 
1306 
1266 
1180 
1126 
1076 
1030 
1020 
916 
886 
864 
820 
750 
732 
692 
664 
596 
532 
512 
436 
418 
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intensity of the characteristics peaks corresponding to aramides was reduced 
slightly [14-16]. 
9.2.2.2. XRD studies 
X-ray diffraction patterns of aramides, presented in figure-9.3, show 
long and sharp peaks in case of aramide-1 (ARl) suggesting it to be highly 
crystalline material whereas aramide-2 (AR2) is an amorphous material in 
nature. 
9.2.2.3. SEM studies 
Figure-9.4 represents the SEM photograph of polyaniline (PANI) and 
aramide-1 (ARl) and the SEM photographs of selected composites are 
presented in figure-9.5. The microcrystalline morphology of aramide-1 (ARl) 
is also supported by the SEM studies in which bar shaped crystal were 
observed. The formation of homogeneous composites of the two constituents 
is also visible supporting the thorough mechanical mixing of the constituents. 
As expected, a gradual increase in polyaniline content in the composites is also 
supported by SEM studies. 
Figure-9.6 represents the SEM photograph of polyaniline (PANI) and 
aramide-2 (AR2) and SEM photographs of selected composites are shown in 
figure-9.7. The formation of homogeneous composites of the two constituents 
is evidently visible. As expected, the gradual increase in polyaniline content in 
the composites is also supported by SEM studies. 
9.2.2.4. Microanalytical studies and chemical structure 
The C, H, N analysis presented in table-9.5 suggests the presence of two 
aniline units per terephthalyl dichloride in the polymer. The possible structure 
of the aramide that may be suggested is presented in figure-9.8. 
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(a) PANI 
(b) ARl 
Figure-9.4. SEM photographs of (a) polyaniline (PANI), (b) aramide-1 
(ARl) 
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(a)PANI:ARl-l 
(b) PANI:ARl-3 
Figure-9.5. SEM photographs of polyaniline:aramide-l (PANI:AR1) 
composites- (a) PANLARl-1, (b) PANI:ARl-3, (c) PANI:ARl-5, 
(d) PANI:ARl-7 and (e) PANI:ARl-9. 
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(c) PANI:ARl-5 
(d) PANtARl-? 
Figure-9.5. Continued... 
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Figure-9.5. Continued. 
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* . ( 
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(b)AR2 
Figure-9.6. SEM photographs of (a) polyaniline (PANI), (b) arainide-2 
(AR2) 
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(a) PANI1AR2-I 
(b) PANI;AR2-3 
Figure-9.7. SEM photographs of polyaniline:aramide-2 (PANI:AR2) 
composites (a) PANI:AR2-1, (b) PANI:AR2-3, (c) PANI:AR2-5, 
(d) PANI:AR2-7 and (e) PANI:AR2-9. 
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Figure-9.8. Possible structure of the aramide. 
9.2.2.5. Electrical properties 
The polyanilme:armide composites so prepared were observed to show 
an enhanced electrical conductivity on exposure to iodine, because of the 
charge transfer reaction between poly aniline and dopirig agent [17,18]. 
[PANI] + n I2 -^ [(PANI)^ "^^ ^ (2n/3 I3")] 9.5 
Temperature dependence of electrical conductivity of polyaniline: 
armide-1 (PANI:AR1) and polyaniline:armide-2 (PA>]1:AR2) are presented in 
table-9.6andtable-9.7. 
Electrical conductivity of the composites was measured from 35°C to 
130°C on pressed pellets and found in the semiconducting region. The 
electrical conductivity tacreases with increaise in polyaniline content in the 
composite at any particular temperature from the range 10"^  to 10""^  S cm"^  All 
the composite samples in principle follow /^henius equation for temperature 
dependence of electrical conductivity as evident from figure-9.9 and figure-
9.10 and suggest the semiconducting nature of the materials. No 
semiconductor to metal transition or the effect of approaching nearer to Tg is 
supported by the Arrhenius plots as no deviations from straight line was 
observed at higher temperatures. All the samples follow Arrhenius equation 
for temperature dependence of electrical conductivity. However, PANI:ARl-
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Figure-9.9. Temperature dependence of DC electrical conductivity of 
poIyaniline:aramide-l (PANI:AR1) composites- (a) PANI:ARl-5, 
(b) PANl:ARl-6, (c) PANI:ARl-7, (d) PANI:ARl-8, (e) PANI:ARl-9 
and (f) PANI:AR1-10. 
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Figure-9.9. Continued. 
(f) PANI:AR1-10 
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Figure-9.10. Temperature dependence of DC electrical conductivity of 
polyaniline:aramide-2 (PANI;:AR2) composites- (a) PANI:AR2-5, 
(b) PANI:AR2-6, (c) PANI:AR2-7, (d) PANI:AR2-8, (e) PANI:AR2-9 
and (f) PANI:AR2-10. 
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1 to PANI:ARl-4 and PANI:AR2-1 to PANI:AR2-4 showed electrical 
conductivity in insulating region after doping which indicates the polyaniline 
concentrations in these composites are well below the percolation threshold. 
9.2.2.6. TGA studies 
hi presence of atmospheric oxygen, the polymers containing low 
dissociation energy bonds are the most susceptible to oxygen attack whereas 
polymers containing phenyl group, C-F, fused rings etc. are expected to show 
higher oxidative stability at elevated temperatures. Another reason for lower 
thermal stability of polymers than usually expected is due to the accidental 
inclusion of weak linkages in the main chain. While tlie presence of aromatic 
moieties in polyaniline will impart a better oxidative stability, the presence of 
C-N linkages will make it susceptible to oxygen attack. The doped polyaniline, 
like other p-type doped conductive polymers, would be expected to be stable to 
oxygen but will be susceptible to the reaction with strong doping agents. The 
presence of hydrogen bonding does cause stiffness in polyamides and raised 
melting temperature hence a better thermal stability, lis environmental 
stability towards acids, alkalies, light and v/ater is also fairly good probably 
due to hydrogen bonding although the amide groups present in the backbone 
are susceptible to the attack degradant [19-23]. Comparatively higher melting 
point of the aramides, ~ 340^C, indicates thie presence of aromatic moieties in 
the polymer backbone and better thermal stability of the composites of this 
polymer with aniline may be predicted. 
Table-9.8 contains tabulated form of TGA and DTA analysis of 
polyaniline (PANI) and aramide-1 (ARl). Figure-9.11 shows the TGA and 
DTA thermograms of polyaniline (PANI) and aramide-l (ARl). Table-9.9 
contains tabulated fomi of TGA and DTA jmalysis of polyaniline:aramide-l 
368 
TabIe-9.8. DTA and TGA studies of polyaniline (PANI) and aramide-1 (ARl). 
Sample 
ID 
< 
< 
DTA 
Peak temp. 
CO 
512 
344 
433 
565 
Comment 
Exo 
Endo 
Exo 
Exo 
TGA 
Temperature range 
CC) 
0-92 
92-275 
275-660 
0-271 
271-461 
461-632 
% wt lose 
4.42 
2.25 
93.30 
0.58 
82.95 
16.13 
Table-9.9. DTA and TGA studies of polyaniline:aramide-l (IPANIcARl) composites. 
Sample 
ID 
< ^ 
a, •< 
Cu -< 
I 
Peak temp. 
rc) 
345 
441 
572 
344.1 
439 
522 
343 
432 
513 
343 
437 
513 
341 
499 
517 
>TA 
Comment 
Endo 
Exo 
Exo 
Endo 
Exo 
Exo 
Endo 
Exo 
Exo 
Endo 
Exo 
Exo 
Endo 
Exo 
Exo 
TGA 
Temperature range 
CC) 
0-300 
300-441 
441-595 
0-311 
311-430 
430-525 
525-598 
0-304 
304-408 
408-520 
520-599 
0-305 
305-404 
404-513 
513-598 
0-293 
293-394 
394-498 
498-588 
% w t lose 
1.0 
76.9 
21.2 
2.6 
58.0 
19.2 
19.5 
2.5 
41.2 
23.7 
32.1 
3.1 
35.2 
31.9 
29.4 
2.5 
29.0 
29.2 
38.0 
Endo- Endothermic peak; Exo- Exothermic peak. 
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Figure-9.11. TGA and DTA of (a) polyaniline and (b) aramide-l. 
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(PAN1:AR1) composites. Figure-9.12 shows the TGA and DTA thermograms 
of polyanilme:aramide-l (PANLARl) composites. 
Table-9.10 contains tabulated form of TGA and DTA analysis of 
polyaniiine, and aramide-2 (PANI:AR2). Figure-9.13 shows the TGA and 
TDA thermograms of polyaniiine (PANI) and aramide-2 (AR2). Table-9.11 
contains tabulated form of TGA and DTA analysis of polyaniline:aramide-2 
(PANT:AR2) composites. Figure-9.14 shows the TGA and DTA thermograms 
of polyaniline:aramide-2 (PANI:AR2) composites. 
hi polyaniiine, the initial weight loss of around 4% by 100°C is due to 
the removal of moisture present in the polymer. There is an extremely little 
weight loss (2.25%) up to 275°C, which strongly suggests that the material is 
thermally stable up to 275°C under oxidative conditions. The thermo-oxidative 
degradation starts beyond this temperature accompanied with a massive weight 
loss in the polymer as observed in the TGA. A strong exothermic peak in DTA 
at 512°C corresponds to this degradation. 
In aramide-1 (ARl) initial weight loss of 0.58% up to 270°C is due to 
the removal of the moisture present in the polymer. The material is found to be 
stable up to 270*^ C. Then one sharp endothermic DTA peak at 344.9°C is found 
in the plot, which may be attributed to the melting of the aramide-1. Then two 
simultaneous exothermic DTA peaks appear while the TGA curve indicates 
massive weight loss up to 450°C and total weight loss around 630°C. The two 
exothermic peaks are due to the oxidative degradation of the aramide-1 (ARl). 
As evident from the TGA of PANI:ARl, the initial weight loss of 2% to 
4% under 300°C may be due to the loss of water and low molecular weight 
oligomers present in the polymer composite and the weight loss increases as 
the polyaniiine percentage increases. The materials were stable up to 300°C. 
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Figure-9.12. TGA and DTA of polyaniHne:arainide-l composites- (a) PANI:AR1-1, 
(b) PANI:ARl-3, (c) PANI:ARl-5, (d) PANI:ARl-7 and 
(e) PANI:ARl-9 
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Table-9.10. DTA and TGA studies of polyaniline (PANI) and aramide-2 (AR2). 
Sample 
ID 
< 
0H 
< 
DTA 
Peak temp. 
rc) 
512 
344 
436 
583 
630 
Comment 
Exo 
Endo 
Exo 
Exo 
Exo 
TGA 
Temperature range 
rc) 
0-92 
92-275 
275-650 
0-219 
219-316 
316-480 
480-600 
% wt. lose 
4.42 
2.25 
92.30 
1.08 
16.53 
75.44 
5.29 
Table-9.11. DTA and TGA studies of poIyaniIine:aramide-2 (PANI:AR2) composites. 
Sample 
ID 
< ^ 
ft, < 
ftN < 
ft, -< 
ft- < 
DTA 
Peak temp. 
rc) 
344 
438 
560 
342 
438 
521 
342 
437 
519 
339 
453 
513 
334 
498 
516 
Comment 
Endo 
Exo 
Exo 
Endo 
Exo 
Exo 
Endo 
Exo 
Exo 
Endo 
Exo 
Exo 
Endo 
Exo 
Exo 
TGA 
Temperature range 
rc) 
0-249 
149-325 
325-440 
440-581 
0-251 
251-332 
232-413 
413-507 
507-625 
0-233 
233-399 
399-518 
518-614 
0-268 
268-392 
392-510 
520-618 
0-297 
297-387 
387-496 
496-620 
% wt. lose 
1.8 
12.0 
72.7 
22.0 
2.4 
9.3 
38.9 
16.3 
32.7 
2.6 
38.9 
29.7 
34.6 
3.3 
27.7 
31.6 
37 
5.6 
21.8 
30.4 
41.9 
Endo- Endothermic peak; Exo- Exothermic peak. 
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Figure-9.13. TGA and DTA of (a) polyaniline and (b) araniide-2. 
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Then the TGA curve indicates the massive weight loss of the composites on 
further heating, which is supported by the appearance of exothermic DTA 
peaks in the thermogram. The peaks are due to the thermo-oxidative 
degradation on the composite materials. A small endothermic peak appears 
around 343°C, which may be attributed to the melting of aramide-1 (ARl). 
In aramide-2 (AR2), the initial weight loss of 1.08% up to 219°C is due 
to the removal of the moisture present in the polymer. This material is also 
stable up to this temperature. One small endothermic peak found at 344°C, 
which may be due to melting of the aramide-2 (AR2). Then three exothermic 
peaks in DTA while the TGA curve indicate massive weight loss up to 460°C 
and total weight loss around 640°C. Three exothermic peaks are associated 
with the two-step thermo-oxidative degradation of aramide-2 (AR2). 
In polyaniline;aramide-2 (PANI:AR2) composites, the initial weiglit loss 
of 2% to 5% of the composites up to 260°C may be due to the loss of water and 
low molecular weight oligomers. One small endothermic peak in DTA is 
found for all the composite samples around 340°C, which is due to the melting 
of the aramide-2. Then two simultaneous exothermic peaks appear in DTA, 
while the TGA curve shows two-step weight loss of the composite materials on 
furtlier heating. The exothermic peaks are due to the degradation of the 
polyaniline:aramide-2 (PANI:AR2) composites [22-25]. 
9.2.2.7. Stability in terms of DC electrical conductivity 
The samples of polyaniline:aramide-l (PANI.ARl) composites, 
PANI:ARl-5, PANI:ARl-7 and PANI:ARl-9 were selected to study the 
stability of electrical conductivity under isothermal condition at 50°C, 70°C, 
90°C, 110°C and 130°C. The temperature of the pellets was maintained at the 
temperature of study and the DC electrical conductivity was measured at an 
3S0 
interval of 15 min in an accelerated ageing experiment. The electrical 
conductivity measured with respect to the time of accelerated ageing in 
presented in table table-9.12 and in tlgure-9.15 (a, b, and c). It has been 
observed that the electrical conductivity is more or less stable at 50°C, 70°C 
and 90°C, which support the fact that the composites are sufficiently stable 
under ambient temperatures in terms of retention of DC electrical conductivity. 
The electrical conductivity decreases with time at 1 lO^C and 130*^ C may be 
attributed to the loss of dopant and the chemical reaction between the dopant 
and polymer. 
The samples of polyaniline:aramide-2 (PANI:AR2) composites 
PANI:AR2-5, PANI:AR2-7 and PANI:AR2-9 were selected to study the 
stability of electrical conductivity under isothermal condition at 50°C, 70°C, 
90°C, 110°C and HOT. The temperature of the pellets was maintained at the 
temperature of study and the DC electrical conductivity was measured at an 
interval of 15 min in an accelerated ageing experiment. The electrical 
conductivity measured with respect to the time of accelerated ageing in 
presented in table table-9.13. and in figure-9.16 (a, b, and c). It has been 
observed that the electrical conductivity is more or less stable at SO^C, 70°C 
and 90°C, which support the fact that the composites are sufficiently stable 
under ambient temperatures in terms of DC electrical conductivity. The 
electrical conductivity decreases with time at 1 lO '^C and 130°C may be 
attributed to the loss of dopant and the chemical reaction between the dopant 
and polymer. 
One composite formulation each from PANTARI and PAN1:AR2 
i.e.PANI:ARl-9 and PANI:AR2-9 were selected to study the stability in terms 
of the electrical conductivity retention by cyclic technique. 
381 
Table-9.12. Stability of DC electrical conductivity of polyaniline:aramide-l 
(PANI:AR1) composites ( under isothermal conditions). 
Temp. 
CO 
50 
70 
90 
110 
130 
Time 
(min) 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
DC Electrical conductivity (Scm') 
PANI:ARl-5 
xlO"' 
1.3628 
1.4755 
1.5700 
1.5332 
1.6354 
4.3291 
3.9781 
4.5289 
4.7480 
4.7867 
5.4515 
4.9895 
5.2568 
4.3937 
4.1462 
6.6905 
5.4515 
3.2278 
2.1903 
1.2443 
4.9614 
2.3363 
1.7795 
0.9019 
0.5084 
PANI:ARl-7 
xlO-" 
0.5446 
0.6518 
0.9246 
0.9246 
1.0195 
1.0169 
0.9774 
1.2823 
1.3956 
1.5984 
1.2581 
1.1698 
1.0584 
1.3336 
1.4495 
1.5915 
1.7750 
1.2293 
0.8453 
0.7206 
1.9916 
1.2656 
0.8793 
0.5373 
0.4479 
PANI:ARl-9 
xlO"^ 
1.0269 
1.1232 
1.2183 
1.1914 
1.3069 
1.5899 
1.5313 
1.5490 
1.6316 
1.7482 
1.7115 
1.7438 
1.5236 
1.5716 
1.5716 
1.6938 
1.7205 
1.8574 
1.4995 
1.1151 
1.7205 
1.3838 
0.9997 
0.7822 
0.6610 
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Figure-9.15. Isothermal stability of (a) PANI:ARl-5, (b) PANI:ARl-7 and 
(c) PANI:ARl-9 composites in terms of retention of DC electrical 
conductivity with respect to time at SOT, 70"C, 90T, 110"C and 
130"C. 
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Table-9.13. Stability of DC electrical conductivity of polyaniline:aramide-2 
(PANI:AR2) composites (under isothermal conditions). 
Temp. 
ro 
50 
70 
90 
110 
130 
Time 
(min) 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
DC Electrical conductivity (Scm'^) 
PANI:AR2-5 
xlO-^ 
0.7909 
0.8036 
0.7810 
0.8115 
0.8387 
0.9609 
0.9883 
1.0098 
0.9954 
1.0440 
1.4547 
1.3949 
1.4902 
1.3340 
1.1817 
1.4687 
1.2566 
0.9068 
0.7768 
0.6899 
1.6336 
0.9763 
0.7551 
0.6327 
0.4784 
PANI:AR2-7 
xlO-" 
0.4816 
0.5911 
0.7126 
0.7172 
0.7437 
0.7312 
0.8023 
0.9268 
0.8706 
0.8887 
1.0229 
1.1367 
1.1983 
1.0585 
1.1273 
1.1374 
0.7927 
0.7694 
0.5956 
0.4776 
1.7836 
0.7904 
0.5895 
0.4866 
0.3153 
PANI:AR2-9 
x lO ' 
0.9581 
1.0040 
1.0258 
1.1269 
1.1840 
1.1476 
1.1756 
1.2050 
1.1814 
1.1931 
1.1366 
1.0671 
1.1661 
1.2554 
1.2554 
1.3376 
1.3890 
1.3427 
1.1522 
1.0756 
1.3519 
1.1650 
0.9060 
0.7514 
0.6959 
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Figure-9.16. Isothermal stability of (a) PANI:AR2-5, (b) PANI:AR2-7 and 
(c) PANI:AR2-9 composites in terms of retention of DC electrical 
conductivity with respect to time at 50°C, 70"C, 90°C, 110"C and 
130"C. 
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Figure-9.16. Continued. 
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The composite PANI;ARl-9 showed a gradual increase in electrical 
conductivity up to cycle-4 with little decrease in electrical conductivity in 
cycle-2 and again decreases in cycle-5. The electrical conductivity measured is 
given in table-9.14 and the Arrhenius plots of the study are present in figure-
9.17. The increase in electrical conductivity may be attributed to the 
annealing and crystallization of polymer leading to the homogeneous doping 
and decrease in percolation threshold. The decrease in the electrical 
conductivity after cycle-4 may be due to the loss of dopant and the chemical 
reaction between the dopant and polymer. 
The composite PANI:AR2-9 showed a gradual increase in electrical 
conductivity up to cycle-4 then decrease in cycle-5. The electrical conductivity 
measured is given in table-9.15 and the Arrhenius plots of the study are present 
in figure-9.18. The increase in electrical conductivity may be attributed to the 
annealing and crystallization of polymer leading to the homogeneous doping 
and decrease in percolation threshold. The start of decreasing in the electrical 
conductivity after cycle-4 may be due to the loss of dopant and the chemical 
reaction between the dopant and polymer. 
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TabIe-9.14. Stability of DC electrical conductivity of polyaiiiline:arainide-l 
(PANI:ARl-9) composite (cyclic technique). 
Temperature 
rc) 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
DC Electrical Conductivity a x lO'* (Scm"^ ) 
Cycle-1 
0.9892 
1.0675 
1.1002 
1.1410 
1.1849 
1.2115 
1.2253 
1.2538 
1.2913 
1.3230 
1.3735 
1.4095 
1.4473 
1.5080 
1.5186 
1.5627 
1.5741 
1.6462 
1.7671 
1.9968 
Cycle-2 
0.8326 
0.8490 
0.8874 
0.9061 
0.9335 
1.0077 
1.0946 
1.1980 
1.3069 
1.3824 
1.4095 
1.4872 
1.5294 
1.5741 
1.6337 
1.7115 
1.7822 
1.8275 
1.6904 
1.9968 
CycIe-3 
1.1002 
1.1410 
1.1784 
1.2323 
1.2760 
1.3149 
1.3649 
1.4003 
1.4571 
1.4770 
1.4976 
1.5294 
1.5403 
1.5514 
1.5741 
1.6093 
1.6588 
1.6980 
1.7676 
1.9604 
Cycle-4 
1.1720 
1.2611 
1.3312 
1.3649 
1.4003 
1.4571 
1.5294 
1.5403 
1.5514 
1.5627 
1.6093 
1.6214 
1.7115 
1.7252 
1.7532 
1.7971 
1.8590 
1.9604 
1.9968 
2.2464 
CycIe-5 
1.0368 
1.0729 
1.1116 
1.1532 
1.1914 
1.2253 
1.2611 
1,2991 
1.3230 
1.3563 
1.3913 
1.4281 
1.4571 
1.4770 
1.4976 
1.5294 
1.5514 
1.5856 
1.6093 
1.6337 
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Table-9.15. Stability of DC electrical conductivity of polyaniline:araniide-2 
(PANI:AR2-9) composite (cyclic technique). 
Temperature 
rc) 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
D C Electrical Conductivity a x 10^ (Scm ') 
Cycle-1 
0.9025 
0.9341 
0.9757 
1.0126 
1.0478 
1.0664 
1.0905 
1.1010 
1.1209 
1.1587 
1.1814 
1.1931 
1.2172 
1.2487 
1.2819 
1.3242 
1.3693 
1.3851 
1.4177 
1.4606 
Cycle-2 
0.8533 
0.8812 
0.9363 
0.9841 
1.0292 
1.1827 
1.3483 
1.3824 
1.4747 
1.5248 
1.6252 
1.6853 
1.7197 
1.7603 
1.8003 
1.8459 
1.9958 
2.1747 
2.2216 
2.4077 
Cycle-3 
0.9831 
1.0834 
1.1362 
1.1777 
1.1910 
1.3190 
1.3693 
1.4238 
1.4669 
1.5098 
1.5754 
1.6087 
1.6462 
1.6853 
1.7275 
1.7728 
1.8676 
2.0323 
2.2471 
2.3720 
Cycle-4 
1.1297 
1.1500 
1.1884 
1.2818 
1.3136 
1.3863 
1.4529 
1.5293 
1.5449 
1.6442 
1.6853 
1.7286 
1.7741 
1.8298 
1.8386 
1.9662 
2.1291 
2.2471 
2.3274 
2.3595 
Cycle-5 
1.0283 
1.0923 
1.1070 
1.1587 
1.1817 
1.2276 
1.2695 
1.3576 
1.4127 
1.4981 
1.5711 
1.6241 
1.7184 
1.7907 
1.8319 
1.8769 
1.9320 
1.9446 
1.9662 
1.9828 
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CHAPTER-10 
Chapter 10 
Conclusions and suggestion for future work 
lO.l.Condusions 
The chemical synthesis of polyaniline (PAN!) by the standard oxidative 
polymerization as found in literature is successfully applied. The aramides are 
very well known for their superior properties. Aramides (AR) are generally 
prepared by the polycondensation reaction between an aromatic diacid or 
diacid chloride and an aromatic diamine. Here, we have synthesized a new 
aramide by slightly different polycondensation reactions between an aromatic 
diacidchloride and aniline containing only one amine group. The yield is 
sufficiently high, ~ 68%, while high melting point (344°C) and FTIR spectrum 
support its good thermal stability and the successful synthesis. 
The chemically prepared conducting polymers are difficult to process by 
solution or melt technique because they are intractable and degrade well before 
their melting. We prepared conducting composite in the form of films by using 
polyethyleneterephthalate (PET), polyacrylonitrile (PAN) and cellulose acetate 
(CA) as insulating matrices with polyaniline as conducting constituent. The 
non-conducting polymers used in this study have good film fonning properties 
along with various other good individual merits. 
The technique employed in the preparation of polyaniline:nylons 
composites is a successfiil modification of that mentioned in the literature. 
The yield of the composites was fairly good. The composite of polyaniline and 
aramide is prepaied by thorough mechanical mixing the two components. 
The electrical properties of the composite materials were observed to be 
of good quality as almost all the composites showed a ^ e^at increase in their 
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electrical conductivity from insulator to upper semiconducting region after 
doping with hydrochloric acid. In case of the composites of polyaniline and 
aramides, iodine was used as dopant. All the composite materials were 
successfully characterized for their electrical properties and by using FTIR, 
SEM and TGA. 
Thermal as well as stability in terms of retention of DC electrical 
conductivity was also observed to be fairly good as studied by several 
experimental techniques and most of the formulations of the composites so 
prepared are found to be suitable for use in electrical and electronic 
applications below 100°C under ambient atmosphere. 
10.2. Suggestion for future work 
The loss of the usefiil properties in natural well as applied 
environment is the major problems associated with the conducting polymers, 
also these polymers are neither properly soluble or melt processible. Hence, 
the major research effort so far has been done to improve the processiblity of 
conducting polymers and their proportionate relation with the non-conducting 
polymers to get suitable composites. The dependence of electrochemical 
potential on dopant concentration and temperature may be studied with high 
compositional resolution and under condition close to diffusional equilibrium. 
The electrode kinetics could also be measured, under conditions where either 
electron-transfer or ionic (dopant) diffusion is rate-limiting. After the total 
characterization of these materials, specially, the diffusion ions into and out of 
these composites, they can be evaluated in sensor, ion exchange, secondary 
battery electrode applications. 
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APPENDIX 
Electrical conductivity measurement was measured by 4-in line probe 
method. In two probe electrical conductivity measurement system we face 
some general problems such as rectifying nature of metal-semiconductor 
contacts, the injection of minority carriers by one of the current carrying 
contacts which affects the potential of other contacts and modulate the 
conductance of the materials etc. But in case of 4-in line probe method we 
overcome these problems and it becomes the most satisfactory method to 
measure the electrical conductivity of semiconductors having variety of shapes. 
To use the 4-in line probe method we need to make the following assumptions-
(i) The electrical conductivity of the material is uniform within the area of 
measurements, (ii) If there is minority carrier injection into the material to be 
tested by the current carrying electrodes, most of the carriers recombine near 
the electrodes so that their effect on the conductivity in negligible, (iii) The 
surface on which the probes rest is flat with no surface leakage, (iv) The four 
probes used for conductivity measurement must contact the surface at points 
that lie in a straight line, (v) The diameter of the contact between the metallic 
probes and the material should be small then the distance between the probes. 
(vi) The surfaces of the material may be either conducting or non-conducting 
[(1) a conducting boundary is one in which the bottom surface of the material 
to be tested is of much higher conductivity than that of the material itself. This 
could be achieved by copper plating on the bottom surface of the 
semiconductor slice, (2) a non-conducting boundary is produced when the 
bottom surface of the material to be tested is in contact with an insulator such 
as polytetrafluroethyene.] 
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Details of the four-probe device-
1. Four-in line probes 
It consists of four individually spring loaded probes, coated with zinc at 
their tips. The probes are collinear and equally spaced at a probe spacing of 2 
mm. The zinc coating and individual spring ensure good electrical contacts 
with the sample. The probes are mounted in a teflon bush, which ensure good 
electrical insulation between the probes. A teflon spacer near the tips is also 
provided to keep the probes at equal distance. The whole arrangement is 
mounted on a suitable stand and leads are provided for current, voltage and 
temperature measurement. 
2. Voltmeter 
A digital micro-voltmeter with the followiag specifications-
Range-1 mV, 10 mV, 100 mV, I V, 10 V 
Resolution-1 jiV 
Accuracy- ± 0.25% of reading ± I digit 
Impedance- > 10 MQ on 10 V range 
Display- VA digits, 7 segment, LED (12.5 mm height) with auto polarity and 
decimal indication. 
Overload indicator- Sing of 1 on the left and blanking of other digits. 
3. Low current source 
A battery operated low current source with the following specifications-
Current range- O-lOO |iA and 0-1 mA 
Accuracy- ± 0.25% of reading ± 1 digit 
Open circuit voltage-15 V minimum 
Display- VA digit LCD display 
Power- 3x 9 V battery 
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4. Oven 
A small PID controlled oven for the variation of temperature of the 
material from room temperature to about 200°C with the following 
specifications-
Temperature range- Ambient to 200° C 
Resolution-OA°C 
Short range stability- ± 0.2°C 
Long range stability- ± 0.5°C 
Measurement accuracy- ± 0.5°C 
Sensor- RTD (A class) 
Display- VA digit, 7 segment, LED with auto polarity and decimal indication. 
Power-150 W 
Conductivity measurement 
The sample is placed on the base plate of the 4-probe arrangement and 
the probes were allowed to rest in the middle of the sample. A very gentle 
pressure is applied on the probes and then it was tighten in this position so as to 
avoid piercing of the probes into the samples. The arrangement was placed in 
the oven. The current was passed through the two outer probes and the floating 
potential across the inner pair of probes was measured. The oven supply is 
then switched on, the temperature was allowed to increase gradually while 
current, and voltage was recorded with rise in temperature. The data so 
generated for the determination of electrical conductivity of the samples was 
processed for calculation of electrical conductivity using the following 
equation-
p = G7(W/S)/po I 
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where p in resistively, GyCW/S) is a correction divisor [it is a function of 
thickness of the sample as well as probe-spacing and equals to (2SAV)ln2], W 
is thickness of the fikn (cm), S is probe-spacing (cm); Po= (V/I)x27iS, where I, 
V and S are current (A), voltage (V), and respectively and the conductivity (a) 
is calculated in S cm"' using the following equation-
o= l /p 2 
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